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FOREWORD 

The  study  reported  herein  was  funded  hy  Departirscnt  of  the  Army  Proj¬ 
ect  4AOI3OOIA9ID,  "In-House  Laboratory  Independent  Research  (ILIR)  Pro- 
graia,"  Item  T,  sponsored  by  the  Assistant  Secretaiy  of  the  Anry  (F5cD). 

The  study  waus  conducted  during  the  period  I966-1968. 

The  project  was  conceived  by  Dr.  Klaus  W.  Wiendieck  of  the  Mobility 
Research  Branch  (t©B),  Mobility  and  Snvircnmental  (MS:.  }  Division,  at  the 
U.  S.  Army  Engineer  Waterwa^,"*  Experiment  Station  (WES).  The  experimental 
wheel  used  in  the  project  was  constructed  under  contract  by  W!iRE,  Inc., 
Chestertown,  Mi.  The  test  program  was  carried  out  by  personnel  of  the  HRB 
under  the  general  supendsion  of  Mr.  W.  J.  Turnbull,  former  Technical  As¬ 
sistant  for  Soils  and  Snvironjaental  Engineering,  and  Messrs.  W.  G.  Shock- 
ley  and  S.  J.  Knight,  Chief  and  Assistant  Chief,  respectively,  K?eE  Divi¬ 
sion;  and  under  the  direct  supervision  of  Dr.  D.  R.  Freitag,  Chief,  J®B. 
The  report  was  prepared  by  Dr.  Wiendieck. 

COL  John  R.  Oswalt,  Jr.,  CE,  and  COL  Levi  A.  B^own,  CE,  were  Direc¬ 
tors  of  the  WES  daring  this  study.  Hr.  J.  B.  Tiffany  and  Mr.  F.  R.  Brown 
were  Technical  Directors. 
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CON^/ERSION  FACTORS,  METRIC  TO  EETTISH  AIH)  BRITISH  TO 
METRIC  UinTS  OF  MEASUREMENT 


Metric  units  of  measurement  used  xn 
units  as  follows: 

_ Multiply _ 

centimeters 

meters 

Newtons 

meter-Newtons 

Newtons  per  square  centimeter 

penetratior.  resistance  gradient 
in  Newtons  per  cubic  centimeter 


British  xmits  of  measurement  used  in 
\xnits  as  follows: 


Miltiply 

.  . 

inches 

2.5U 

feet 

O.30U8 

pounds 

h.Uk&2 

foot-pounds 

1.3558 

pounds  per  square  inch 

0.6895 

0-6  in.  cone  index 

0.0907 

iis  report  cai:  be  converted  to  Britis 


By 

To  Obtain 

0.3937 

inches 

3.2808 

feet 

0.225 

IKJunds 

0.7376 

foot-pounds 

1. 5^503 

pounds  per  square  inch 

11.0253 

0-6  in.  cone  :'udex 

this  report  can 

be  converted  to  metric 

_ To  Obtain _ 

centimeters 

me-ers 

Newtons 

meter-Mewtons 

Newtons  per  square  centimeter 

penetration  resistance  gradient 
in  Newtons  x>er  cubic  centimeter 
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B  VriiOel  width,  cn 

Cl  Cone  index,  psi 

B  Efiicienoy.  dir.ensionless 

F.  Friction  force  at  Joint  i,  II 

G  Penetration  resista.ice  gradient,  II/c.'t.:^ 

Coefficient  of  friction  bet;.een  rubber  and  polished  steel, 
ii~encionlosc 

I.  Hcriaontal  projection  of  forward  part  of  contact  lenrth,  cir. 
y.  Tcrqne ,  r.-Ii 

"  Hest!lta:;t  of  nomal  stress,  II 

II,  Horisontal  component  of  resultant  of  normal  stress,  II 

II.  I  ormal  component  cf  resultant  of  piston  force,  N 
1 

II  Vertical  comuonent  of  resultant  of  normal  stress,  N 

V  *  2 

p  Applied  air  pressure,  Il/cir. 

p.  Inflation  nressure,  Il/cm*^ 

*  '  ' 

P  Pull,  II 

Piston  force  at  Joint  i,  -11' 

?  '.fnoel  radius,  cm 

resultant  force  at  joint  i,  li 
s  Slip,  percent 

Force  in  sliding  shoe  at  Joint  i,  II 
t  ohear  to  r.orirnl  stress  ratio,  dimensionless 
T  ?.e.sultar.*.  of  tan.gential  stress,  II 
T,^  liorixontal  cen^Jonent  of  resultant  cf  tangential  stress,  N 
Tangential  component  of  resultant  of  piston  force,  N 
Vertical  component  of  resultant  of  tarurential  stress,  N 
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V  Carriage  speed,  cra/sec 
W  Loa„ ,  N 
z  Sinkage ,  cm 

a  Forward  opening  aiigle  of  soil-wheel  interface,  radians 
P  Rearward  opening  angle  of  scil-wheel  interface,  radians 
6  Angular  coordinate,  radians 
9  Characteristic  angle  of  internal  system 

X  Relative  angular  position  of  maximum  nonnal  stress,  dimensionless 
a  Normal  stress  at  soil-wheel  interface,  N/cm 

a  Average  nonnal  stress  at  soil-wheel  interface,  H/cm‘‘ 

^  2 
<7  Maximum  normal  stress  at  soil-wheel  interface,  N/cm 
m  ^ 

o  Resultant  normal  stress  at  sliding  shoe,  N/cm'^ 

®  ,  o 

T  Shear  stress  at  soil-vdieel  interface,  K/cir.“ 

2 

Frictional  stress  at  sliding  shoe,  N/cm 
oa  Rotational  velocity,  radians/sec 


SUJWARY 


An  analysis  of  experimentally  detennined  normal  stress  distributions 
beneath  tires  on  sand  revealed  a  strong  tendency  for  the  normal  stresses  to 
be  greeter  in  areas  of  higher- than- average  tire  rigidity.  This  phenomenon 
was  most  pronounced  when  the  soil  was  strong  and  the  inflation  pressure  was 
low. 

Since  wlieel  performance  is  determined  ultimately  by  the  stresses  at 
the  soil- tire  interface,  the  question  arose  as  to  whether  the  observed  phe¬ 
nomenon  could  be  used  advantageously  in  off -road  mobility  research.  If  the 
stress  distribution  at  the  interface  depended  largely  on  the  rigidity  dis¬ 
tribution,  then  a  control  of  the  interface  rigidity  pattern  should  permit 
a  favorable  influence  on  the  stress  distribution,  and  thus  an  increase  in 
the  perfonnance  of  the  wtieel. 

To  examine  this  hypothesis,  an  experimental  wheel  was  biiilt;  its  per¬ 
formance  is  described  in  this  report.  The  control  of  local,  tire  rigidity 
was  achieved  by  a  system  of  six  nonrcuating  hydraulic  jaohB  inside  the 
wheel  acting  &t^ainst  a  fixed  flexible  shoe,  along  which  the  inner  surface 
of  the  tire  slid  as  it  rotated.  By  loading  the  jacks  individually  in  a 
given  pattern,  an  interface  rigidity  distribution  similar  to  this  loading 
pattern  was  achieved. 

Stress  concentrations  at  the  rear  end  of  the  contact  patch  are  ob¬ 
viously  favorable,  while  those  at  the  front  end  are  unfavorable.  When  the 
loading  pattern  of  the  hydraulic  jacks  was  arranged  accordingly  in  a 
roughly  linear  manner,  tests  with  sand  at  two  strei*gth  levels  showed  that 
the  ’-iheel  with  favorable  rigidity  distribution  (high  internal  pressure  at 
trie  rear  of  the  soil-wheel  inteiface)  developed  up  to  25  percent  more  pull 
than  the  wheel  with  unfavorable  rigidity  distribution.  The  greater  pull 
was  paralleled  by  an  efficiency  increase  of  the  same  order.  An  analysis 
of  the  interface  geometry,  which  varies  with  the  internal  pressure  distri¬ 
bution,  showed  that  the  performance  variation  vb£  accounted  for  by  the  in¬ 
terface  rigidity  pattern  alone:  no  influence  of  the  interface  gecmjetry  it¬ 
self  could  be  detected.  Another  important  result  of  the  tests  was  that 
only  a  slight  rigidity  variation  was  found  necessary  for  maximum  perform¬ 
ance  iirprovejTi^nt.  A  rigidity  variation  beyond  a  given  limit  was  ineffec¬ 
tive.  However,  the  rather  crude  test  device  did  not  allcw  a  quantitative 
assessment  of  this  threshold. 

The  experimenuol  results  were  checked  by  theoretical  computations 
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based  on  the  variation  of  aso’uned  soil  r -aetion  pr-'rsiue  .! Lrtrii-ut j tni  as  a 
function  of  tlie  interraoi  ri -idity  pattern.  Pol.'n  t;ic'  c  rder  of  i’.a  nituJ.- 
of  the  n-.easured  performance  variations  and  thtr  oi  served  trends  are  ex¬ 
plained  theoretically  in  tb.is  report. 


Trie  experimental  wheel  was  built  to  verify  a  h^/pot’nesis  ai'.d  not  to  I 
used  as  a  practical  means  of  Icecmotion.  In  fact,  it  is  hishly  'mpractica 
and  inefficient  in  itself,  ar.d  the  performar;ce  of  conventional  tires  could 
not  be  Hiatched.  However,  since  only  very  slioht  rigidity  vo.’’iatio.ns  'tre 
needed  to  obtain  d'.e  hitniest  performance,  the  prospect  of  applying'  the 
principle  of  corn  oiled  riyidity  in  practice  seems  pronisirr-:.  Accordingly 
a  schematic  dravinc  of  a  mult  icorpartment  lire  operatir;:'  upon  this  prin¬ 


ciple  is  presented  herein. 


IMPrO’/ED  WHEEL  FEF.FORMiAMCE  CN  SAIfl)  BY 


COifTROLLED  CIRCUI-g-’ERSNTLAL  RIGIDITY 


PART  I :  niTRODUCTION 


Background 


1.  If  enough  power  ic  available  and  the  d^nainic  vehicle  response  is 
r.ot  a  lirrltim:  factor,  the  performance  of  a  wheeled  vehicle  depends  en¬ 
tirely  on  the  c-cmetry  of  the  soil-wheel  interfau:e  and  the  soil  reaction 
stresses  at  this  interface,  fhe  complex  mechanism  that  determines  on  one 
hand  the  geometry  of  the  soil -wheel  interface  (sinkage,  tire  deformaticns ) , 
cn  t;;e  ether  hand  the  entire  stress  situation  (orientation,  magnitude,  said 
distribution  of  stresses),  and  thus,  tiltimately  the  performance  of  the  wheel, 
is  best  described  cy  the  ten.*  "soil-wheel  interaction .  ”  TJie  engine  and 
transmission  of  a  vehicle  serve  cnly  to  activate  this  interaction,  so  wheel 
perforjnance  improvements  seem  possible  only  by  interfering  with  this  mech¬ 
anism  in  a  favorable  manner. 


2.  -nlthoagh  the  coirple>:  phenomena  of  the  soil-wheel  interaction  are 
far  from  being  full:,-  xmderstced,  the  mechanism  is  contingent  upon  the  soil 
properties,  the  axle  load,  the  torque,  and  the  tire  properties.  Soil  prop¬ 
erties  and  lead  are  generally  given  quantities  that  cannot  be  changed. 
Torque  input  and  tire  properties  thus  remain  for  a  study  of  possible  wheel 
performance  irprcve.nents .  Since  torque  can  be  varied  only  in  quantity,  but 
not  in  quality  (at  least  for  "scft-soil  miObiUty"  problems),  the  possibil¬ 
ities  for  vehicle  performance  i.'jqjrcvement  over  the  torque  input  are  be¬ 
lieved  to  be  limited. 


3-  Interfering  with  the  soil-wheel  interaction  by  changing  trie  tire 
properties  is  less  simply  assessed.  Variations  of  carcass  structure,  tire 
liimensions ,  and  inflation  pressure  can  be  combined  into  a  virtually  infi,- 
nite  number  of  combinations.  Theoretical  prediction  of  how  such  variations 
of  tire  properties  im-luence  the  wheel  performance  are  impossible  at  the 
present  state-of-the-art,  since  th-'^  physical  insight  into  the  mechanism  of 
soil-wheel  interaction  is  rather  rudimentary.  In  fact,  only  for  rigid 
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wheels,  the  geometry  cf  which  is  pai-ticularly  simple,  have  some  ^ttempLs 
been  made  to  assess  the  physical  phenomena  in  the  neighborhood  of  the  soil- 
wheel  interface  and  to  develop  theoretical  concepts."^  ’flierefore,  the  soft- 
soil  mobility  research  with  tires  has  been  essentially  empirical. 

4.  The  relations  between  inflation  presstire  and  pull/load  ratio 
mi^t  serve  to  illustrate  this  point.  One  of  the  established  facts  of  mo¬ 
bility  research  is  that  the  pull/load  ratio  increases  with  decreasing  in¬ 
flation  pressure  for  sands,  if  all  other  parameters  are  constant.  lowering 
the  inflation  pressure  not  only  changes  the  geometrical  conditions  cf  the 
problem  (increased  size  and  a  more  horizontal  overall  orientation  cf  the 
contact  patch,  and  less  sinkage),  but  also  alters  drastically  the  entire 
stress  picture  at  the  soil-wheel  interface.  Tee  normal  pressvu*e  distribu¬ 
tion  has  been  measured  and  shown  to  change  from  a  one-peak  tj'pe  for  ragh 
inflation,  pressxires  (the  maxiraim  stress  being  near  the  center  of  the  con¬ 
tact  surface)  to  the  reverse  situation  for  low  inflation  pressures  (a  de¬ 
pression  in  the  central  part  surrounded  by  a  ridge  of  high  pressures  along 
the  peripiiery  cf  the  contact  surface). 

5..  Little  is  yet  known  about  the  tangential  stresses,  vd'.ic];  are  less 
easily  determined;  but  the  tangential  sti-ess  distribution  likely  experi¬ 
ences  equally  drastic  changes  wtien  ohe  inflation  pressure  is  decreased. 

The  decrease  of  inflation  pressure  thus  constitutes  a  severe  interference 
with  the  soil-wheel  interaction,  the  results  of  which  are  unforeseeable  r,t 
present  by  theoretical  means.  As  a  matter  of  fact,  since  the  stresses  at 
the  soil-wheel  interface  rake  a  vehicle  move,  an  explanation  cf  increasin;: 
performance  with  decreasing  inflation  pressure  by  reference  to  the  inter¬ 
face  geranetry  cnly  is  insufficient  and  even  misleading,  because  it  is  only 
a  partial  explanation  that  ordts  reference  to  the  alteration  of  the  stress 
system.  The  fact  that  iowering  inflation  pressure  does  increaise  the  pull/ 
load  ratio  means  only  that  the  resulting  stress  system  is  not  unfavorable, 
or  at  least,  that  the  possibly  unfavorable  variation  in  the  stress  system 
is  not  iit5>crtant  enough  to  offset  the  effect  of  the  obviously  icgircved 
georetrical  conditions. 

6.  The  experimental  wneei  with  controlled  circumferential  rigidity; 
described  herein,  is  a  radically-  new  means  of  interfering  with  soil-wheel 
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interaction.  Modification  of  tire  properties  (dimension,  carcass  struc¬ 
ture,  inflation  pressure,  treeui  pattern,  etc.)  in  previous  studies  might 
be  interpreted  as  imposing  an  overall  condition  on  soil-wheel  interaction. 
Local  conditions  at  the  soil-wheel  interface  are  not  controlled,  so  that 
the  magnitude  and  orientation  of  local  interface  stresses  are  left  entirely 
to  the  mechanism  of  the  interaction  within  the  framework  of  Ihe  overall 
conditions . 

7.  Ihe  next  logical  step  is  to  ingiose  specific  locatl  conditions  and 
to  control,  in  a  more  purposeful  manner,  tire  properties  or  their  varia¬ 
tions  along  the  soil-wheel  interface.  The  question  then  arises  as  to  which 
particular  tire  property  should  be  controlled  locally  for  performance  im¬ 
provements.  Theoretical  reasoning  and  experimental  evidence,  presented 
later  in  this  report,  led  to  the  conclusion  that  the  tire  rigidity  (stiff¬ 
ness)  pattern  at  the  soil-wheel  interface  has  a  major  effect  on  the  normal 
stress  distribution.  Corisequently ,  the  concept  evolved  that  a  control  of 
local  tire  rigidity  would  allow  direct  alteration  of  the  normal  stress  dis¬ 
tribution  so  as  to  change  it  in  a  favorable  manner,  and  thus  improve  the 
wheel  performance. 

8.  This  report  describes  the  performance  of  a  special  experimental 
wheel  built  to  evaluate  this  concept,  which  proved  to  be  successful  in  that 
the  wheel  i>erformance  could  be  influenced  to  a  certedn  degree.  The  expla¬ 
nation  f>.r  this,  presented  herein,  is  necessarily  ins\xfficient  because  it 
is  based  on  the  radial  stress  distribution  alone  and  neglects  other  and 
possibly  more  important  fawets  of  the  soil-wheel  interaction.  The  expla¬ 
nation  provides,  however,  a  kind  of  qualitative  understanding  of  the 
phenomena  observed. 

9.  The  i>oint  is  emphasized  that  the  wheel  described  herein  is  not 
intended  to  be  used  for  soft-soil  mobility  in  the  field.  It  was  built 
to  test  a  hypothesis  rather  than  to  serve  as  a  practical  means  of  loco¬ 
motion.  However,  if  the  favorable  effects  of  controlled  rigidity  are 
deemed  worthy  of  pursuing  in  a  practical  sense,  a  line  from  this  experi¬ 
mental  wheel  to  the  development  of  a  iJracticable  soft- soil  mobility  tire 
can  be  drawn. 
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Purpose 


30.  The  purpose  of  the  study  was  threefold: 

a.  To  investigate  experimentally  the  extent  to  which  the  per¬ 
formance  of  pneumatic  tires  on  sand  can  be  influenced  by  a 
ccntrolled  variation  of  the  tire  rigidity  within  t}ie  soil- 
wheel  interface. 

b.  To  provide  qualitative  theoretical  reasons  to  explain  the 
observed  performance  variations. 

jC.  To  present  and  discuss  the  concept  of  a  nnilticcMspartment 
tire  a  practicable  means  of  applying  the  idea  of  con¬ 
trolled  circumferential  rigidity  for  cross-country  mobility 
inproveraent. 

Scope 

11.  Both  theoretical  and  experimental  studies  were  conducted,  ihe 
theoretical  investigations  were  general  in  nature,  assuming  typical  radial 
stress  distributions.  The  experimental  testing  focused  on  programaed 
increasing- slip  tests  on  an  air-dry  mortar  sand  at  two  strength  levels 

(G  =  2.72  and  4.53  n/cm^).*  The  interpretation  of  the  test  results  was 
concentrated  chi  the  maximum  pull/load  ratio,  and  on  the  efficiency  of  the 
wheel  as  a  load  transportation  device  at  maxicaan  rull  conditions.  Various 
rigidity  levels  and  rigidity  variations  were  in  ^estigated . 

12.  Although  the  theoretical  analysis  was  based  on  radial  stress 
distribution  patterns  at  the  soil-wheel  interface,  no  atteupt  was  made  to 
actually  measure  these  stresses.  This  would  have  added  too  much  com¬ 
plexity  to  the  already  corplex  test  device. 


*  A  table  of  factors  for  converting  metric  to  British  and  British  to  met¬ 
ric  units  of  measurement  is  presented  on  page  xi. 
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PART  II:  THSORSTICAL  Cf^JSIDERATIOIS 


The  Normal  Stress  Distribution  Pattern  as  a 
Function  of  Local  Rigidity  Variation 

13.  A  possible  relation  between  local  tire  rigiaity  and  noirmal 

I 

stress  at  the  soil-wheel  interface  was  mentioned  by  Freitag  and  Green: 

A  ridge  of  high  pressure  which  probably  results  from  the 
transmission  of  the  load  through  tjie  relatively  stiff 
tire  sidewalls  is  found  t«  exist  at  each  side  of  "ttie 
contact  patch.  There  is  a  tendency,  ailso,  for  an  area 
of  relatively  high  stress  to  exist  at  the  leadir,g  and 
trailing  edges  of  the  contact  area. 

Although  this  statejnent  specifically'  refers  to  tires  chi  lunyielding  sur¬ 
faces,  stress  measiirements  on  yielding  soils  under  tires  with  low  infla¬ 
tion  pressures  show  the  same  phenomenon  of  stress  concentration  at  the  pe- 

2  3  5 

riphery  of  the  soil-wheel  interface,  particnilarly  on  sand. 

l^i.  Results  of  tests  with  a  given  tire  at  the  same  inflation  pres¬ 
sure  are  summarized  for  different  sand  strength  levels  in  figs.  1  and  2. 


NOTE  WIDTH  ON  SAND  IS  A  pno- 
JECTIOM  ON  A  MORIZONTAl. 
P;.ANC  OP  actual  CONTACT 

width 

TOWED  1100-20^  12-PR  SMOOTH 
TIRE,  SOOO-LR  LOAD,  IS-PSI  IN¬ 
FLATION  PRESSURE 


Fig.  1.  Distribution  of  normal  stresses  across  tire  width 
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Fig.  2.  Distribution  of  nortaal  stresses  along  the  center  line 
of  contact  surface  (figure  from  reference  2;  dashed  line  frcan 

reference  3) 


The  pre8s>ire  concentration  along  the  border  of  the  soil-wheel  interface 
is  clearly  recognized,  this  phenosenon  being  less  pronounced  in  the 
softer  soils.  In  qualitative  temss,  the  results  can  be  characteilsed  as 
fellows: 


a.  The  softer  the  soil,  the  lower  the  perljheral  maxinum 
stress.* 

b.  The  softer  the  soil,  the  lower  the  max:! mum  variation  of 
stress  (inclination  of  curves). 

r.  The  softer  the  soil,  the  lower  the  a  _/a  .  ratio.* 

*■  najc  min 

1^.  Ho  attempts  have  been  made  to  explain  these  systematic  varia¬ 
tions  in  references  2,  3,  and  5;  and,  in  particular,  no  reference  has  been 
made  to  tire  stiffness  in  connecti'xi  with  the  peripheral  stress  concentra¬ 
tion.  However,  the  peak  stresses  occurring  at  the  leading  and  the  trailing 
edges  of  the  interface  have  been  interpreted  in  reference  5  sis  being  asso¬ 
ciated  with  the  flexli^g  of  the  tire.  This,  at  least,  is  an  indirect  refer¬ 
ence  to  rigidity,  since  a  flexed  portion  of  the  tire  (leading  and  trailing 
edges)  is  stiff er  with  respect  to  radial  deformations  than  a  plane  portion. 

16.  Sunnarizing  these  considerations,  three  cooponents  appear  to 
contribute  to  ttie  locsLL  tire  rigidity:  (a)  infxation  pressure. 


*  With  the  miner  excepticsi  of  the  stress  curve  t»i  unyielding  surface  in 
fig.  2,  which  is  an  extreme  condition. 
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(b)  sidewall  stiffness,  and  (c)  tire  flexing.  In  general,  the  rigidity  of 
the  central  part  of  the  soil-tire  interface  is  governed  by  inflation  pres- 
sttre  alone.  The  leading  and  trailing  edges  exhibit  an  increased  rigidity 
due  to  additional  tire  flexing,  the  hi^jest  rigidity  occurring  along  the 
lateral  edges  to  idiich  all  three  factors  contribute  concurrently. 

17 •  Thus,  the  stress  concentrations  in  figs.  1  and  2  occur  in  areas 
that  possess  a  hi^er-than-average  rigidity.  For  the  tire  on  an  unyielding 
surface,  this  is  true  in  an  absolute  sense  in  that  the  stresses  near  the 
lateral  edges  are  the  highest,  and  in  the  center  the  Icwest,  with  a  medium 
stress  occurring  at  the  leading  and  trailing  edges  of  the  Interface.  Flor 
the  tire  on  sand,  such  differentiation  cannot  be  made;  there  is  no  signifi¬ 
cant  difference,  for  a  given  soil  strength,  between  the  magnitude  of  the 
stress  ax  the  lateral  edge  and  that  of  the  stresses  at  the  front  and  rear 
ends.  The  rear-end  stresses  seem  even  sli^tly  higher  than  those  near  the 
lateral  edges. 

18.  To  explain  this,  the  Influence  of  tire  rigidity  must  be  examined 
with  respect  to  the  soil  strength,  and  certain  limits  of  the  local  naxlmm 
stresses  that  the  soil  is  able  to  sustain  must  be  assumed  within  the  frame 
of  the  soil-wheel  interaction.  Beyond  these  limits  the  rigidity  variation 
is  Ineffective.  Ihese  limiting  maximum  stresses  obviously  decrease  with 
soil  strength,  ^diich  expladns  the  tendency  of  the  stress  curves  to  level 
c«t  with  decreasing  soil  strength. 

19.  The  same  argument  can  be  used  with  regard  to  the  maximum  stress 
variations  (inclination  of  the  stress  curves).  Normal  stress  variations 
are  closely  related  to  shear  stresses.  The  lower  the  shear  strength,  the 
less  stress  variation  the  soil  can  sustain;  this  also  contributes  to  the 
smoother  appearance  of  the  stress  curves  for  the  low- strength  soils.  In 
the  extreme  case  of  a  material  without  any  strength  (from  the  soil  mechan¬ 
ics  viewpoint),  such  as  water,  tire  zigldiiy  variations  would  have  no  in¬ 
fluence  on  the  stresses,  these  being  solely  determined  by  hydrostatic 
conditions . 

20.  It  would  be  misleading,  however,  to  conclude  from  this  interpre¬ 
tation  that  the  stress  distribution  tends  to  follow,  within  certain  limita¬ 
tions,  the  relative  rigidity  distribution — although  this  is  exactly  the 


case  for  the  data  presented  in  figs.  1  and  2.  For  example,  the  rigidity 
of  an  undeformable  (rigid)  wheel  is  evenly  distributed,  yet  the  radial 
stresses  eure  far  from  being  uniform  (fig.  3)*  Also,  edge  effects  similar 


Fig-  3-  Representative  interface  stress  for  rigid  wheel 


to  those  observed  beneath  tires  have  been  found  to  exist  beneath  circular 
steel  plates  being  pushed  into  loose  sand  (fig.  4),  This  cannot  be  attrib¬ 
uted  to  rigidity  variations  over  the  plate  surface,  and  is  probably  due  to 
arching  phenomena  in  the  sand. 


Fig.  4.  Stress  distribution  beneath 
rigid  plate  in  sand  (unpublished 
U.  S.  Army  Engineer  Waterways  Experi¬ 
ment  Station  test  results) 


J  =  l,  UNIT  0»»Y  WT>aOt4l  N/CM^ 

pcnctration  spcco>is cm>«c 


21.  rhus,  to  evaluate  the  relative  is^rtance  of  the  influence  of 
rigidity  variation  on  stress  distribution  beneath  tires  becomes  very  dif- 
fj.cult.  Numerous  other  factors  probably  have  equal  or  greater  effect  on 
the  stress  distribution.  On  the  ether  hand,  the  observed  agreement  be¬ 
tween  rigidity  and  stress  distribution  patterns  for  low-inflated  tires 
can  hardly  be  considered  coincidence.  A  test  program  in  which  only  the 
rigidity  pattern  is  varied,  with  all  other  factors  being  constant,  would 
clarify  this  question.  But  this  ideal  condition  cannot  be  fulfilled,  since 
a  change  in  rigidity  invariably  affects  the  size  and  shape  of  the  soil- 
wheel  interface,  as  illustrated  in  figs.  5  and  6. 
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ig.  5*  Nbrml  stresses  on  a  tire  surface;  60-psi  tire  inflation 
pressure,  0-  to  6-in.  cone  index  =  27  (from  reference  2) 


Fig.  6.  Ifonnal  stresses  on  a  tire  surface;  15-psi  tire  inflation 
pressure,  0-  to  6-in.  cone  index  =  30  (from  reference  2) 


22.  The  stress  distribution  within  a  loose  sand  beneath  a  hi^ly  in¬ 
flated  tire  is  shown  in  fig.  5*  This  tire  behaves  almost  like  a  rigid 
■wheel,  in  that  the  deflection  is  rather  small.  Because  of  'the  high  infla¬ 
tion  pressure,  -the  contribution  of  tire  flexing  and  sidewall  stiffness  to 
•the  local  rigidity  is  conparatively  small  with  respect  "to  the  con'tribaticn 
of  the  inflation  pressure,  and  the  rigidity  dis'tribution  can  be  assumed  ‘bo 
be  uniform.  Accordingly,  "the  stress  distribution  is  of  the  one-peak  -type 
characteristic  of  •wheels  wi-th  tinlform  rigidity. 

23.  ihe  pressure  distribution  benea'Ui  the  same,  but  low-inflated, 
';ire  in  practically  identical  test  conditions  is  shown  in  fig.  6.  The  in¬ 
fluence  of  the  sidewall  and  flexing  rigidity  is  significant  ("the  flexing 
is  also  more  pronounced  •than  in  fig.  3)»  aud  •the  maximum  s-tresses  are 
shifted  from  •the  central  part  of  the  interface  to  the  periihieral  areas  of 
higher  rigidity.  But  at  the  same  time,  the  maxiTmim  tire  deflection  in¬ 
creases  by  four  times,  sinkage  decreases  more  •than  half,  and  contact 
leng^th,  while  remaining  rou^ly  •unchanged,  is  shifted  backward  wi'th  re¬ 
spect  to  -the  bottom  dead  center  (coll^>are  figs.  5  and  6).  Tt>  idiat  extent 
these  gecsne^trical  changes  contribute  tc  the  reversal  of  the  s^tress  distri¬ 
bution  pattern  will  remain  an  unanswered  questicHi  until  more  is  known  about 
the  internal  mechanism  of  -the  soil-wheel  interacticaa.  The  geontetrlcal  and 
mechanj.cal  facets  of  -the  problem  are  interrelated  and  cannot  be  clearly 
S3i)arated  by  experimental  procedures. 

24.  As  a  conclusion  of  •this  discussion,  never-theless,  •the  assusq)- 
tion  appears  justified  •that  \he  rig?.dity  dis^tribution  at  -the  tire  surface, 
for  tires  aa  sand,  influences  •&€  stress  distribution  at  the  soil-wheel  in¬ 
terface  to  a  significant  degree.  A  coiqparison  of  figs.  3  and  6  sugges'bs 
■that  the  relation  be-tween  rigidity  pattern  and  stress  dls'tribution  be  for¬ 
mulated,  not  directly  be^tween  local  rigidity  and  s^tress,  but  in  refe~ence 
to  -the  s^tandard  s-tress  dis-tribution  of  a  uniformly  rigid  tdieel; 

For  -wheels  on  sand,  variations  of  local  tire  rlgidi-ty 
•within  the  soil-wheel  interface  tend,  wi-thia  certain 
limitaticxis,  to  shift  the  position  of  maximum  normal 
stress  fron  its  standard  location  in  -the  reference  case 
of  a  uniformly  rigid  wheel  toward  -the  areas  of  hi^er 
local  rig3.di-ty. 


11 


The  development  of  the  experimental  vrfieel  with  controlled  circumferential 
rigidity,  retjorted  herein,  was  based  upon  this  postulate. 


Niimerical  ^valuation 


25.  Tlie  system  of  t’orcec  acting  on  a  powered  rigid  v^icel  is  repre¬ 
sented  in  fig.  7-  The  soil  reaction  force ^  arc  the  resultant  N  of  tr.e 
radial  stresses  and  the  resultant  T  of  the  tangential  stresses,  acting  at 
the  soil-wheel  interface.  As  can  be  seen  in  this  schenuitic  representation, 
a  shift  of  N  backwards  to  II  ,  as  indicated,  constitutes  an  imprcvemeil  o 
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Fig.  7-  Soil  reaction  resultants  at  the  soil-. heel 
interface;  powered  rigid  wheel 


the  soil  reaction  force  system.  If,  for  the  sake  of  reasoning,  the  result¬ 
ant  T  is  assumed  xinchanged  by  this  operation,  the  shifted  resultant  N 
is  smaller  than  N  ,  because  N  is  more  effective  in  carrying  the  vertical 
load  W  .  ThiC  horizontal  component  of  II  (which  is  sometimes  called  motion 
resistance)  is  reduced  with  respect  to  that  of  N  for  two  reasons:  first, 
the  absolute  value  of  N  is  smaller  than  that  of  N  ;  and  second,  the  in¬ 
clination  of  N  with  respect  to  the  vertical  is  smaller  than  that  of  N  . 
The  result  of  the  operation  is  an  increase  of  avadlable  traction  force,  if 
all  other  quantities  are  unchanged.  This  simple  reasoning  is  presented 
here  as  a  starting  consideration.  A  more  detailed  nvimerical  evaluation, 
presented  next,  shows  the  situation  to  be  nuch  more  conplex.  In  particu¬ 
lar,  the  shifting  of  the  resultant  N  is  shown  to  affect  other  pertinent 
quantities,  as  might  be  expected. 

26.  According  to  the  basic  hypothesis  stated  in  isaragrarh  24,  the 
position  of  the  resultant  N  is  only  indirectly  influenced  by  the  rigidity 
distribution,  the  directly  affected  variable  being  the  location  of  the  max¬ 
imum  stress.  For  single-peal:  stress  distributions,  the  shifting  of  the  lo¬ 
cation  of  maximurii  stress  is  equivalent  to  the  displacement  in  the  same  di¬ 
rection,  but  not  for  the  same  distance,  of  the  resultsuit.  The  experimental 
wheel,  described  in  Part  III  of  this  report,  permitted  the  control  of  local 
(circumferential)  rigidity  according  to  a  preestablished  pattern  in  order 
to  shift  the  location  of  the  maximom  stress ,  For  the  theoretical  evalua¬ 
tion  of  the  results  of  xests  with  this  wheel,  the  stress  distribution  at 
the  interface  throughout  the  test  program  w’as  assuiced  to  be  of  the  single- 
peal:  type,  such  as  found  beneath  hi^ly  inflated  tires.  This  asbU]I^>tion  is 
justified  by  the  test  program,  since  the  rigidity  distribution  investigated 
possessed  only  one  nsaxiraum  value.* 

27.  To  obteiin  an  idea  of  the  order  01'  magnitude  of  the  performance 
vat  cations  anticipated  by  shifting  of  the  peak  pressure  location  at  the 
tire-wheel  interface,  the  following  numerical  exacgjle  is  used:  asstane  the 
average  normal  stress  (a)  along  the  contact  length  (average  taker  over 

*  Single  peak  refers  here  to  the  distribution  sLLong  the  center  Line  of  the 
tire.  The  distribution  over  the  width  of  the  tire  is  not  relevant  to  the 
wheel  performance  and  was  not  directly  controlled  in  the  test  program. 
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width  B  of  the  rigid  wheel)  follows  the  equation  (fig.  3): 


Zone  I:  (-P  <  6  <  Xot) 


.  6  3 

Xa  +  $ 


Zone  II:  (Xot  <  6  <  a)  :  cr 


m 


n  6  -  Xur 
2  Of  -  Xa 


(1) 


The  above  equations  are  distorted  sine  and  cosine  functions,  which  meet  at 
the  point  (Xor)  of  saxlnun  stress  (o  ).  This  type  of  stress  distribution  is 

IS 

similar  to  that  for  highly  inflated  tires  or  rigid  wheels. 

26.  For  siiqplicity,  assume  further  an  undeforaang  wheel  and  a  con¬ 
stant  mean  J  =  t  ratio  along  the  soil-tire  interface,  with  t  being  the 
shear  stress.  Load  (W),  pull  (P),  torque  (M),  and  efficiency  (E)  are  then 
given  by: 


T  T 

W  =  RB  I  a  cos  6  d6  +  I 


T 

P  =  RB  f  o  cos  6  d6  - 


T 


to  sin  6  d6 


to  sin  6  d5 


H 


=  rS 


«r 

j 


to  d6 


(2) 

(3) 

(h) 


H  =  fR  (1  -  s) 
Mto  M 


(5) 


The  efficien(y  (E),  as  proposed  by  Leflaive,^  is  the  ratio  of  energy  output 
(pull  X  translational  velocity)  over  energy  input  (torque  x  rotational  ve¬ 
locity)  of  the  wheel  as  a  traction  device.  Equation  5  proved  very  useful 
in  the  interpretation  of  the  test  results. 

29.  With  the  abbreviations: 


”  ■  to)  '  ail  "-  X) 
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equations  i-l+  yield,  after  integration  and  rearrangement: 


r™—  =  —  (b  COS  3  -  sin  Xor  -  tb  sin  3  +  t  cos  lor) 

m  b  -  1 

+  —  (c  cos  c  +  sin  Aflf  +  tc  sin  or  -  t  cos  \a) 

c^  -  1 


RBo  , 

ra  b  -  1 


2  T 

c  -  1 


(tb  cos  3  -  t  sin  Xa  +  b  sin  3  -  cos  Xor) 


+  —  (tc  cos  Of  +  t  sin  Xa  “  c  sin  or  +  cos  Xor) 


As  an  exait5>le,  take  the  numerical  values:* 
t  =  O.k 
3  =  0.2  o 
W  =  UOOO  N 
R  =  35  cm 
B  =  12  cm 
a  =  20  N/cm^ 

W/RBct  =  0.476 

la 

Rurther,  let  X  ,  vdiich  indicates  the  relative  position  of  the  maximum 
stress  with  respect  to  a  ,  be  the  variable.  The  lower  the  value  of  X  , 
the  more  the  resultant  of  the  stresses  is  shifted  rearward. 

30.  Since  the  ^eel  is  supposed  to  carry  the  same  vertical  load  re¬ 
gardless  of  the  value  of  X  ,  the  upper  integration  limit,  a  ,  has  first  to 
be  determined  as  a  function  of  X  .  In  equation  6,  the  value  of  a  has  to 


*  These  values  are  approximately  equeil  to  the  conditio.is  in  the  expeari- 
mentjd  wheel  tests.  An  exact  agreement  was  not  attenpted  for  this  rou^ 
evaluation  nor  was  it  possible,  since  the  exact  values  of  R  and 
were  unknown.  Values  for  3  and  a  were  assumed  and  are  considered 
reeisonable,  based  on  previous  Waterways  Experiment  Station  experience. 
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be  chosen  so  that  the  right-hand  pai-t  of  equation  o  is  equal  to 

w/RBe7  -  O.U76  for  every  value  of  X  .  This  has  to  be  done  by  trial, 
m 

since  equation  6  cannot  be  solved  for  a  in  an  explicit  form.  The  results 
are  given  in  tlie  foUovring  table: 

Table  1 


X  0-8  0.6  O.h  0.2  0.0 

or  (radians)  O.588  O.'pV  0.592  O.596  0.602 


31.  This  result  is  rather  astonishing  because  one  woxild  expect  the 
contact  length  (and  with  that  the  sinkage)  to  become  smaller  when  the  loca¬ 
tion  of  the  inaxii»Utt  pressure  approaches  the  vertical  reference  position, 
since  the  radial  pressures  then  becone  more  efficient  in  carr^Tlng  the  ver¬ 
tical  load.  It  turns  out,  however,  that  for  the  chosen  numerical  example, 
the  load-carrying  fraction  of  the  tangential  stresses  is  relatively.-  hi.gh 
(abcut  11  percent  for  X  =  0.8).  With  decreasing  X  values,  the  load¬ 
carrying  capacity  of  tangential  stresses  diminishes  more  than  that  of  the 
radial  stresses  increases,  so  that  the  contact  lervtth  (and  hence  sinkage) 
has  to  increase  in  order  to  provide  the  full  load-carrying  capacity. 

32.  When  the  values  of  table  1,  together  with  the  other  chosen  nu¬ 
merical  values,  are  introduced  into  equations  5>  7>  and  8,  the  followir.g 
results  are  obtained: 

Table  2 


A 

Pull 

p 

RBtJ 

m 

Torque 

M 

m 

Efficiency 

E 

(1  -  s) 

Sinkage 

—  =  1  -  cos  Of 

0.8 

0.0384 

0.1799 

0.213 

0.168 

0.6 

0.0539 

0.1803 

0.299 

0.169 

o.i* 

0.0689 

0.1811 

0.380 

0.170 

0.2 

0.0843 

0.18^ 

0.461 

0.172 

0.0 

0.1008 

0.1841 

0.546 

0.176 
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33*  The  stress  distribution  for  X  =  0.4  ,  which  represents  the 
syrmie crical  case  vith  respect  to  the  total  contact  angle  (a  +  P),  is  taken 
as  the  reference  distribution.  From  table  2,  a  shift  of  the  location  X 
of  the  maximum  stress  backwards  from  X  =  o,!4  to  X  =  0.2  api)ears  to  in¬ 
crease  the  traction  cajjability  P  of  the  wheel  by  22.4  percent,  despite 
the  fact  that  the  sinkage  increases  by  1.2  percent.  The  torque  remains 
approximately  constant,  and  the  increase  of  efficiency,  E  ,  by  21.3  percent 
(assuming  the  slip  is  unchanged)  is  due  practically  to  the  pull  increase 
alone.  The  unfavorable  shift  forward  to  X  =  0.6  causes  pull  and  effi¬ 
ciency  to  decrease  by  roughly  the  same  percentages  ais  those  above  for  the 
favorable  shift. 

34.  rhe  exaii?)le  shows  that  a  variation  of  the  normal  pressure  dis¬ 
tribution,  which  can  by  no  means  be  called  a  dramatic  change  (see  fig.  8), 
results  in  a  substantial  i>erformance  increase.  This  occurs  because  the 
resultant  of  the  normal  stress  is  shifted  into  a  more  favorable  position, 
and  the  resultant  of  the  tangential  stress  >^ecoines  more  horizontally 
oriented  and  thus  more  ef¬ 
fective,  since  normal  and 
tangential  stresses  are 
linked  for  this  numerical 
exanrole  by  the  expression 
T  =  to  . 

35.  Hje  increaise  in 
efficiency  has  been  evalu¬ 
ated  with  constauit  slip  as¬ 
sumed.  On  the  other  hand, 
slip  and  the  location  of 
maximum  radial  stress  are 

7 

known  to  be  interrelated. ' 

A  decrease  in  slip  causes  a 
decrease  in  X  .  Therefore, 
the  reverse  might  be  antic¬ 


ipated,  i.e.  a  decrease  of 
X  by  direct  interference 


Fig.  8.  Radial  stress  distribution 
for  X  =  0.2  and  X  =  0.4 
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with  the  stress  distribution  results  in  a  aecrease  of  slip.  If,  for  the 
purpose  of  demonstration,  the  slip  in  the  reference  case  (X  =  0.4)  is  as¬ 
sumed  to  be  20  percent,  and  for  X  =  0.2  to  be  15  percent,  tiie  incx-ease  in 
efficiency  would  be 


0.461  (1  -  0.15)  -  O.^SO  •  (1  -  0.2) 
0.^0  (l  -  0.2)  ^ 


100  =  29  percent 


instead  of  21.3  l>ercent  as  previously  obtained. 

36.  In  any  case,  a  conclusion  csm  be  drawn  frcan  the  numerical  ex- 
an^le  presented  that  a  direct  interference  with  the  pressure  distribution 
is  a  worthwhile  goal  to  be  pursued.  When  the  position  of  the  peak  pressure 
can  be  shifted  backward,  the  wheel  not  only  develops  higher  traction  capa¬ 
bility,  but  does  so  at  an  increased  efficiency. 

37*  However,  as  nd^t  be  expected,  the  performance  improvements  are 
less  significant  when  the  soil  strength  is  hi^.  (For  an  unyielding  sur¬ 
face,  the  effect  would  be  practically  zero. )  This  point  is  illustrated  by 
the  results  of  a  numerical  example  that  differs  from  the  previ-ous  one  only 

in  that  the  values  a  and  t  ,  which  are  characteristic  for  the  soil 

m 

strength,  have  been  increased  by  50  percent: 

t  =  0.6  B  =  12  cm 

^  =  0.2  ff  a  =  30  N/cm^ 

m 

W  =  4000  N  W/rBJ  =  0.318 

m 

K  =  35  cm 


The  numeric'^J.  results  from  equations  5-8,  as  used  previously,  are  susana- 
rized  in  table  3: 

Table  3 


X 

a 

Pull 

P 

RBcr 

m 

Torque 

M 

m 

Efficiency 

E 

(1  -  s) 

Sinkage 
^  =  1  -  cos  Of 

0.6 

0.382 

0.1217 

0.175 

0.695 

0.072 

0.4 

0.386 

0.1289 

0.177 

0.720 

0.073 

0.2 

0.391 

0.1364 

0.179 

0.763 

0.075 

18 


38.  Although  the  value  for  soil  strength  has  been  nailtipiied  by  a 
factor  of  only  I.5,  the  performance  increase  s  small  relative  to  the  in¬ 
crease  determined  at  the  lesser  strength.  The  actual  value  of  the  pull  in¬ 
crease  is  only  one- fourth  at  great  (5.8  percent  pull  incresise  as  compared 
with  P2.U  percent)  when  \  is  shifted  from  0.4  to  0.2.  The  direct  inter¬ 
ference  with  the  stress  distribution  rapidly  loses  its  advantages  as  soil 
conditions  improve. 

39-  At  the  other  extreme,  the  experimental  wheel  might  be  ineffec¬ 
tive  in  soft  soils,  too,  because  very  weak  soils  might  be  unable  to  sus¬ 
tain  any  variation  of  the  pressure  distribution  pattern,  as  explained  in 
paragraphs  18  and  I9.  Thus,  the  princi.ple  of  the  experimental  wheel  prob¬ 
ably  will  apply  neither  in  very  weak  nor  on  very  firm  soils.  These  limita¬ 
tions  leave  room  for  possible  improvements  in  the  range  of  fair  to  poor 
terrain  conditions,  where  ingirovements  are  most  needed. 


PART  III:  DESCRIPTIC®  OF  THE  EXPERIMENTAL  WHEEL 
AND  TEST  PROCEDURES 

Experimental  Wheel 

Mechanical  systm 

4o.  The  system  adopted  to  achieve  local  control  of  tire  rigidity  is 
represented  schematically  in  fig.  It  consists  basically  of  six  hydrau¬ 
lic  jacks  arranged  inside  the  wheel  in  a  roughly  radial  manner.  The  ends 
of  the  pistons  a^e  attached  to  a  sliding  shoe  lying  on  the  inner  side  of 
the  tire's  rolling  surface.  The  upper  ends  of  the  jacks  and  of  the  shoe 
are  attached  to  a  nonrotating  body,  so  that  the  whole  jack-shoe  system  re¬ 
mains  in  a  fixed  jxjsition  with  the  tire  sliding  against  the  shoe.  All  me¬ 
chanical  connections  of  the  system  are  articulated  so  that  the  system  can 
follow  freely  the  various  possible  tire  deformations.  Views  of  the  inter¬ 
nal  system  of  the  experimental  wheel  are  shown  in  fig.  10. 

Ul.  Each  hydraajdic  jack  can  be  made  to  exert  a  certain  force  through 
the  piston  to  the  sliding  shoe.  These  single  forces  are  then  spread  by  the 
sliding  sh'e  and  converted  into  stresses  acting  with  the  inflation  pressure 
against  the  inner  side  of  the  tire's  rolling  surface.  The  hi^er  these  in¬ 
ternal  stresses  are,  the  less  the  tire  deforms  under  the  action  of  external 
soil  reaction  forces,  i.e.  the  more  rigidly  the  tire  behaves. 

42.  The  critical  element  within  the  system  is  the  sliding  shoe, 
which  has  to  exhibit  a  hi^.  flexiiral  stiffness  to  spreai  the  single  piston 
forces,  but  which  also  has  to  be  rather  flexible  to  adapt  to  the  various 
getxnetrical  configurations  of  the  tire.  Finally,  the  shoe  hais  to  present 
a  very  smooth  outer  surface  to  reduce  friction  with  the  rotating  tire.  The 
solution  to  this  problem  of  conflicting  requirements  was  solved  in  the  fol¬ 
lowing  way;  the  shoe  consists  of  a  rather  firm  rubber  strip  (2.5  cm  thick, 
8  cm  wide,  and  60  cm  long)  tightly  wrai^ed  in  a  spiral  fashion  by  a  pol¬ 
ished  steel  band  approximately  2  cm  wide  with  rou^.ly  1  cm  of  overlap.  In 
this  manner,  the  shoe  exhibits  high  resistance  against  locally  confined 
bending,  and  thus  ass’ures  a  good  load- spreading  cappbilily  both  in  the 
traverse  and  in  the  longitudinal  directions.  On  the  other  hand,  moderately 
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Fig.  9*  Schenia  cf  the  mechari'' cal  system 
of  the  experimental  wneel 


Pig.  1C.  Views  of  internal  system  of  oiperimentail  wheel 
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long  wave  bending  of  the  shoe  is  praotically  unrestricted  by  this  construc¬ 
tion,  and  the  shoe  can  follow  the  cixrvature  of  the  tire  as  required.  Also, 
the  friction  coefficient  between  the  polished  steel  and  the  rubber  of  the 
smoothed  inner  surface  of  the  tire  is  not  excessive.  The  friction  was  fur¬ 
ther  reduced  by  partially  filling  the  inside  of  the  wheel  with  a  liqiiid 
lubricant  so  that  the  whole  system  operates  in  a  lubricating  bath  (fig.  9). 
The  strain  grge  (fig.  9)  measures  the  total  force  developed  in  the  shoe, 
but  only  part  of  it  is  due  to  friction,  as  showi  later.  The  analysis  of 
the  test  results  showed  that  the  friction  coefficient  was  approximately 

0.10-0.15. 

43.  The  Michelin  X  radial-plj'’  tire  was  chosen  for  the  tests.  This 
low-pressure  tire  has  relatively  little  sidewall  stiffness;  therefore,  it 
does  not  interfere  excessively  in  an  imcontroiled  manner  with  the  pre- 
established  pattern  of  rigidity  distribution.  In  addition  to  this  advan¬ 
tage,  radial-ply  tires  feature  a  strong  rolling  belt,  which  further  in¬ 
creases  the  load- spreading  capability  of  the  system.  The  tread  pattern  was 
buffed  smooth;  the  undeflected  radius  of  the  buffed  tire  was  34.6  cm,  and 
the  overall  width  was  16.5  cm.  Pig.  11  shows  the  assembled  experimental 
wheel.  It  is  driven  by  the  chains,  which  are  connected  to  the  driving 

sheift  of  the  carriage;  the  non- 
rotating  internal  system  is 
linked  to  the  outer  frame,  which 
is  fastened  to  the  carriage. 
hydraulic  system 

44.  A  schematic  design 
of  the  hydraulic  system  is  pre¬ 
sented  in  fig.  12.  AJLr  pressure 
is  applied  to  the  accumulator 
and  transmitted  through  a  mem¬ 
brane  to  the  hydraulic  fluid, 
the  press\ire  of  which  is  mrni- 
tored  by  a  pressure  gage.  The 
accumulator  is  connected  to  the 
master  cj'^linder  inside  the 
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Fig.  12.  Schema  of  the  hydraulic  system 
of  the  experimental  •wheel 

wheel,  with  a  slave  cylinder  being  intercalated.  The  slave  cylinder  has 
■the  same  dimensions  as  the  master  cylinder,  its  purpose  being  to  indicate 
the  position  of  -the  piston  of  the  master  cylinder  inside  the  wheel.  After 
calibration  of  the  system,  which  hsis  to  be  done  prior  to  the  wheel  assem¬ 
blage,  the  position  of  "the  master  cylinder  piston  can  be  read  on  'ths  indi¬ 
cator  board.  When  the  position  of  each  piston  ir  known,  the  geometry 
along  the  center  line  of  the  soil-wheel  interface  and  the  static  system 
of  •:-he  internal  forces  can  be  determined. 

2 

Because  the  rod  section  is  0.65  cm  in  area,  the  free  area  of  the 

piston  at  the  rod  side  is  less  -than  "the  area  at  the  other  side  (5.16  versus 
2 

5.81  cm  ,  fig.  12).  Accordingly,  the  pressure  in  the  master  ai'd  slave  cyl¬ 
inders  is  0.889  times  the  pressure  in  the  accvunula-tor .  The  actiial  force 
transmitted  to  "the  sliding  shoe  is  further  reduced  by  the  inflation  pres- 
sui’e  of  tire,  which  acts  against  the  fluid  pressure  of  -the  master 


cylinder  inside  the  tire.  Wii-h  p  bein/'  the  applied  accuimlator  pressure 
and  the  tire  inflation  pressure,  the  *crce  (f)  in  the  rod  of  the  mas¬ 

ter  cylinder  is 

F(N)  =  0.88f»p(N/cm‘')  X  ^.8l(cm^)  -  i^(K/cm‘')  x  (V) 

U6.  Iramediately  prior  to  a  test,  the  accumulators  were  char!/cd, 
according  tc  a  preestablished  schedule,  with  pressure  up  to  1;0  N/cr;  . 

A  high-pressure  nitrogen  bottle  was  used,  bu'C  during  the  testing,  the  ac¬ 
cumulators  were  disconnected  from  the  bottle-  As  a  result,  the  cylindei’ 
pressures  and  piston  positions  varied  duriru?  the  testing,  with  the  ma^cr 
vsiriation  occurring  during  a  short  startin;*  period.  7ne  initial  setting 
was  irrelevant  to  the  actual  test  ecnditicns,  so  continuoxis  recording  of 
both  piston  displacements  and  pressure  variation  during  the  test  was  neces¬ 
sary.  Mounted  at  the  ca''riage  was  a  tape-recording  television  camera  that 
monitored  the  piston  positions  ar.d  the  pressui-es  as  indica-  ?d  cn  the  indi¬ 
cator  board  (fig.  12). 

Static  sysi.  am 

h'J .  The  piston  forces  as  con^ruted  from  equation  9  canriot  be  treat^^d 
directly  in  terms  of  locatL  rigidiuy.  Firstly,  these  piston  forces  nught 
have  a  considerable  tangential  co.:T>onen+,  due  to  the  noru’adial  arrai.ger.ont 
of  the  hydraulic  .jacks  (see  fig.  9)  sis  well  as  to  the  noncircular  s'nape  of 
the  deformed  tire.  Only  the  normal  components  of  these  local  internal 
forces  are  of  concern,  and  their  determination  necessitates  the  exact 
knowledge  of  the  jack-tire  configuration.  This  problem  is  further  dis¬ 
cussed  in  Part  IV  of  this  report.  For  demonstration,  a  circulrr  tire  shape 
is  assumed  here. 

48.  Secondly,  the  piston  forces  (P^)  are  not  the  only  mechanical 
forces  acting  on  the  indiv  ual  joints  (labeled  A-F  in  fig.  9)-  c+her 

forces  involved  are  (fig.  13 ): 

a.  Tensile  forces  (S^)  of  the  sliding  shoe. 

b.  Tire-shoe  friction  forces  (F. ). 

—  1 

£.  Restxiting  tire  reaction  forces  (R^). 

The  forces  and  are  actually  resultants  of  the  shear  (t^)  and 


Kg.  13.  Forces  acting  at  articulated  joint  of  expei inental  •wheel 

nornvtl  stresses  (o^)  at  the  shoe-tire  interface  as  shown  in  fig.  13.  For 
sin5)licity,  all  fc...  3  are  assumed  to  act  directly  at  the  joint.  Because 
of  the  free  articulation  of  these  joints,  the  orientation  of  "i-he  tensile 
forces,  ,  is  known  "to  psiss  through  the  neighboring  joints.  Therefore, 
if  "the  geometric  conditions  are  known  in  the  nei^borhood  of  a  gi'ven  joint, 
the  orientation  of  all  forces  acting  on  that  joint  are  known.  However,  ex¬ 
cept  for  ,  which  is  known  from  equation  9  and  -which  can  be  aecor?>osed 
into  its  normal  and  tangential  components,  II  and  ,  the  magnitudes  of 
the  four  remaining  forces  are  \inknown  and  must  be  determined  from  the  eqtii- 
librium  conditions  at  the  joint. 

49.  Principles  of  graphic  statics  were  used  so  that  -the  equilibrium 
condition  could  be  represented  by  a  closed  polygon  of  the  forces  involved, 
such  as  shown  in  fig.  13b.  K  is  the  forve  of  concern  that  acts  through 
the  sliding  shoe  upon  the  inner  surface  of  the  tire  and  thus  contributes  -to 
the  local  rigidity.  Also,  ,  and  not  the  force  P^  ,  determines  -the 
friction  at  the  sliding  shoe;  therefere,  the  friction  force  F^  is  .oiown 
to  be 
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vd-th  the  coefficient  of  friction  between  rubber  and  polished  steel 

50.  Relation  10  reduces  the  nvmber  of  unknown  forces  to  three — 

,  ®i+l  »  *  However,  the  problem  is  solvable  onlj'  for  two  un 

known  forces,  and  the  solution  presented  in  fig.  13b  is  therefore  not 
unique.  It  was  actually  based  on  the  arbitrary  decision  on  the  lengtn 
of  one  vector,  for  exaii5)le,  .  On  the  other  hsmd,  the  whole  system 
is  in  a  difinite  equilibriiun.  The  R^^  forces  can  be  determined  only 
by  a  consideration  of  the  whole  system  (fig.  Ih)  rather  than  by  con¬ 
sideration  of  the  individual  joints  separately. 


i\\\V\ 

i  ^ 


.  71^ 


Jig.  l4.  Schema  of  the  static  system  of 
the  experimental  wheel 


51.  In  fact,  for  the  two  pstrticular  joints  A  and  F  in  fig.  l4 
the  third  force  is  known.  For  the  joint  A  ,  the  force  is  measured  by 

the  strain  gage  reeuling  S: 


s _ L— 

1  2  sin  6 


(U) 


and  I'or  the  joint 
and 


the  tensile  force 


The  unknown  forces 


S?  0 

can  be  detensined  by  graphic  construction,  according  to 
fig.  13b,  using  relation  10  with  an  estimated  friction  coefficient  k^  . 
Tlie  x'orce  then  is  known,  the  vector  polygon  for  the  joint  B  can  be 


irawn,  and  the  sane  procedures  can  be  used  frcsn  joint  to  joint 
luticr.  depends  on  the  correct  estimate  of 
the  condition  that  no  rest  force  should  remain  for  the  joint  F 


Tha  so- 

k  ,  which  is  controlled  by 
s 

In 


other  words,  the  correct  solution  is  obtained  if  the  force  {which 

represents  the  tensionless  free  end  of  tlie  sliding  shoe)  equals  zero. 

Otherwise,  the  procedure  has  to  be  repeated  with  an  improved  estimate  of 

the  friction  coefficient  k  . 

s 

52.  By  using  the  forces  drawn  from  the  previous  step  '.'or  the 
next  step,  i.e.  by  linkir;g  the  individual  vector  polygons,  the  graphic  so¬ 
lution  for  the  case  given  in  fig.  lU  is  shown  in  fig.  15 .  For  k  =  0.10, 

8 

there  remains  a  positive  tensile  force  of  280  N  (fig-  15* )>  which  is 

reduced  to  S,.  =  50  N  by  using  k  =  0.15  (fig-  15b).  A  friction  coef- 
f  s 

ficient  of  k  *=0.l6  would  give  the  correct  solution  with  S„  =  0  . 

53.  A  conqjariscax  of  the  solutions  (figs.  15a  and  15b)  indicates,  how¬ 
ever,  that  the  magnitude  of  the  forces  axe  not  too  sensibly  affected 

by  a  variation  of  k  .  There  is  no  necessity,  therefore,  to  push  the  ex- 
actituds  of  the  graphic  ccaistruction  too  far,  awi  a  simplified  method  could 
be  devised,  consisting  of  handling  force  as  parallel  to  and  force 


F.  as  parallel  to  S 


i+1 


'Hiis  considerably  reduces  the  cooplsxity  of  the 


graphic  .•solution,  as  shown  in  fig.  I6.  Ihe  error  in  forces  R^^  involved 
by  using  the  sispiified  method  is  only  about  2  percent  (cocpare  fig.  l6a 
with  fig.  15b)-  A  detailed  description  of  the  procedures  used  in  the 
simplified  graphic  solution  is  given  in  Appendix  A. 
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'ig.  Ic.  Siniplified  solutior.  to  determine  the  resultant  forces 
at  the  articulated  joints  of  the  experimental  wheel 


Test  Prcwedures 


54.  The  experimental  wheel  was  constructed  to  fit  into  the  test  car¬ 
riage  in  the  U.  C.  Army  Engineer  Waterways  Experiment  Station  mobility  test 
facility.  Progranaed  increasing-slip  tests  were  performed  on  an  air-dry 
sand  (mortar  sand),  classified  SP  vinder  the  Unified  Soil  Classification 
System.  The  sand  was  prepared  at  two  strength  levels  with  penetration  re¬ 
sistance  gradients  (G)  of  approximately  2.72  and  4.53  N/cm^  (0-6  in.  cone 
index  of  30  and  50,  respectively).  The  equipient,  soil  preparation  pro¬ 
cedures,  and  test  techniques  have  been  described  by  McRae,  Powell,  and 
Wisner 

55*  The  test  setup  is  shown  in  fig.  17.  The  television  camera  was 
arranged  so  that  the  six  pressure  gages  and  the  six  position  indicators, 
i.e.  the  piston  rods  of  the  slave  cylinders,  could  be  photographed  siinul- 
tanecttsly  on  tape.  Station  indications  were  marked  on  the  rail  and  also 
ax>peared  on  the  tape  so  that  all  readings  could  be  correlated  with  the  sta¬ 
tions  and  thus  with  slip.  To  minimize  the  influence  of  inflation  pressure 


Pig.  17-  Test  setup 


30 
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with  respect  to  the  pressure  distribution  of  the  internal  system,  the  tests 
were  run  with  an  inflation  pressure  of  approximately  3*75  N/cm^  (4  psi) 
only.  With  this  low  inflation  pressure,  the  tire  had  to  be  held  against 
the  wheel  rim  by  adhesive  tape  along  its  sidewalls  to  prevent  tire-bead 
slippage  (fig.  1?).  This  tape  was  replaced  after  each  two  tests. 

56.  For  the  internal  pressure  distribution  system  to  be  effective, 
the  contact  length,  and  thus  sinkage  of  the  tire,  had  to  be  relatively 
large.  Therefore,  all  tests  were  run  with  a  high  axle  load:  40CX)  N  (rec- 
onmended  ’naximum  design  load)  for  the  hi^er  strength  soil  and  3550  N  for 
the  lower  strength  soil.  To  prevent  damage  of  the  delicate  internal  sys¬ 
tem,  the  following  loading  procedure  was  adopted.  Inflation  pressure  of 
approximately  12  N/cm  was  applied,  and  the  wheel  was  loaded  with  rou^ly 
half  of  the  test  load;  then,  the  individustl  jacks  were  loaded  by  charging 
half  of  the  test  pressures  at  the  accumulators,  beginning  with  jack  No.  6 
(fig.  9)*  Next,  the  full  axle  lojui  and  full  jack  loads  were  applied,  and, 
finally,  the  inflation  pressure  was  lowered  to  3.75  N/cm  iniMidiately  prior 
to  the  test. 

57.  After  an  initial  starting  distance  of  a  few  meters,  during  which 
the  rotational  velocity  of  the  wheel  and  the  carriage  velocity  were  built 
up  CO  the  required  level  of  O.36  RPS  (ob  =  2.26  radians/sec)  and  O.76  n/sec, 
respectively,  the  wheel  velocity  was  kept  constant  and  the  carriage  veloc¬ 
ity  was  decreased  tc  obtain  increasing-slip  conditions.  With  a  rolling 
radius  of  33*5  cm,  the  above-mentioned  velocities  correspond  to  0  percent 
slip.  Tnis  rolling  radius  was  determined  for  25  percent  tire  deflection, 
which  was  an  arbitrsiry  decision.  In  fact,  the  rolling  rauiiiis  of  the  ex¬ 
perimental  wheel  is  very  difficult  tc  define,  and  so  is  slip,  wliich  depends 
on  the  rolling  radius.  In  any  case,  true  slip  and  true  rolling  radius  can 
be  determined  only  on  the  basis  of  the  actual  geometry  of  the  soil-wheel 
interface,  that  is,  only  after  the  complete  analysis  of  the  test  results. 

By  adopting  the  arbitrary  rolling  radius  of  33.5  cm,  the  approxinsate  swigni- 
tude  of  the  slip  was  obtained  for  planning  the  tests.  The  notatjon  of  slip 
(as  opposed  to  "true"  slip)  is  used  in  the  remainder  of  this  report  in  this 
arbitrary  sense. 

53.  In  most  tests,  pressure  and  piston  positions  of  the  internal 
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system  were  not  con?)letely  stable  at  the  end  of  the  starting  period,  i.e. 
at  zero  slip.  The  later  analysis  of  the  television  recordings  showed  that 
the  stabilization  of  the  internal  system  visually  reached  at  about 
3-5  percent  slip.  The  zero-slip  condition  could  have  been  extended  over  a 
certain  length  of  the  test  course  until  stebiUzation  of  the  system,  and 
the  zero-slip  condition  could  thus  have  been  included  in  the  ana3^sis.  But 
this  procedure  would  have  wasted  too  much  of  the  rather  restricted  length 
(15  m)  of  the  test  courst  Since  the  anal;>'sis  of  the  test  data  focused  on 
the  maxinaun  pull/load  condition,  wi>ich  ususally  occurred  between  10  and 
25  percent  slip,  and  since  zero  slip  did  not  describe  any  particular  con¬ 
dition  of  Ihe  experimental  wheel  in  any  case,  the  extreme  low  slip  range 
was  not  included  in  the  analysis. 

59*  Toward  the  end  of  the  first  tests,  the  experimental  wheel  tended 
to  break  ^own  under  high  sHp  condition,  i.e.  to  develop  a  leak  at  the  tire 
rim,  probably  because  of  excessive  deformations.  Therefore,  the  tests  were 
not  extended  beyond  approximately  50  percent  sHp.  Thus  in  most  cases,  the 
actual  slip  tested  ranged  frcrni  5  to  approximately  50  percent,  idiich  was 
sufficient  for  the  purpose  pursued. 

60,  Besides  the  already  mentioned  visual  ob.servation  of  piston  move¬ 
ment  and  pressure  variations  of  each  cylinder  of  the  internal  system  by  a 
tape-recording  camera,  the  measurements  included  oscillograph  recordings  of 
load,  torque,  drawbar  pull,  slip,  vertical  displacements  of  the  wheel  axle, 
and  strain-gage  readings  of  the  sliding  shoe. 

61.  The  tests  can  be  subdivided  into  four  groups  according  to  the 
working  conditions  of  the  internal  system: 

a.  Tests  with  favorable  rigidity  distribution  ^increasing  pres¬ 
sure  from  the  leading  to  the  trailing  edge  of  the  soil-wheel 
interface).  This  is  the  largest  group. 

b.  Tests  with  unfavorable  rigidity  distribution  (decreasing 
pressure  along  the  interface). 

c.  Tests  with  neutral  rigidity  distribution  (uniform  pressure 
at  the  interface).  Only  a  few  of  these  tests  were  performed. 

d.  Cca>?)arison  tests  (conventional- tire  tests)  with  the  internal 
system  not  in  operation. 
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PART  IV:  ANALYSIS  AND  DISCUSSI(»I  OF  TEST  RESULTS 


Analysis  Procedures 


General  description 

62.  Three  groups  of  data  were  collected  and  analyzed  for  each  test: 

a.  Data  concerning  the  wheel  performance:  load,  torque,  pull, 
and  slip. 

b.  Data  concerning  the  geometry  of  the  soil-wheel  interf 8u:e  and 
of  the  internal  system:  verticed  axle  displacement*  and 
piston  iHDSitions. 

£.  Data  concerning  the  forces  in  the  internal  system:  strain 
gage  readings  of  the  sliding  shoe  and  accumulator  pressures. 

63.  Prcaii  the  wheel  performance  data,  the  aaximum  pull/load  (P/w) 
ratio  and  the  corresponoing  slip  were  determined.  In  this  case,  however, 
slip  was  only  an  approximation,  the  rolling  radius  being  arbitrarily  sis- 
sxuned  (paragraph  57),  and  the  determined  slip  value  was  used  in  the  sense 
of  a  convenient  marker  for  a  particularly  significant  performance  parameter, 
maximum  pull/load  ratio,  on  wiiich  the  analysis  focused.  The  efficiency,  E  , 
was  then  determined  at  this  slip  value. 

64.  The  next  step  was  to  determine  the  gecanetric  conditions  of  the 

test  for  the  slip  value  at  maximum  P/w  ratio.  For  this  purpose,  a  full- 
size  mechanical  replica  of  the  internatl  system  was  used  (fig.  I8).  The 
recorded  pistcxi  positions  we. c  reported  and  fixed  on  the  replica.  The 
geometry  of  the  tire  contour  and  of  the  internal  system  was  then  ccm5)letely 
determined  and  could  he  reproduced  on  paper.  When  the  vertical  axle 
displacement — at  the  slip  value  determined  for  subtracted 

from  the  tmdeflected  tire  radius,  the  originsJ.  soil  surface  could  be  drawn. 
Sinkage  (rut  dei^th)  and  contact  length  were  gr^jhicaUj'-  determined,  with 
the  bow  wave  being  ignored  (see  detailed  exafl5)le  in  paragraph  71).  As  a 


*  Zero  axle  displacement  was  defined  for  the  undeflected  tire  prior  to 
each  test  and  not  for  the  deflected  tire  as  usually  done.  Therefore, 
this  measurement  is  not  called  "sinkage,”  which  can  only  be  determined 
later  when  tire  deformation  is  considered. 


Pig.  18.  Mechanical  replica  of  the  experimental  wheel 


siB?)le  characterization  for  the  geometry  of  the  soil-'v^ieel  interface,  the 
ratio  t/z  was  determined,  with  i-  being  the  horizontal  projection  of  the 
forward  part  of  the  contact  length  foirward  of  the  axle  and  z  being 
sinliage  (fig.  19). 

65.  The  geometry  of  the  static  system  and  the  internal  forces  being 
known,  the  sin?)lified  graphic  solution  for  the  determination  of  the  normal 
resultant  forces,  ,  was  applied.  The  resulting  internal  tire  pressure 
was  then  ccm^puted  by  dividing  the  forces  by  the  corresponding  tire 
area  and  adding  the  inflation  pressure,  which  was  the  same  for  each  indi¬ 
vidual  area.  Finally,  the  internal  pressure  distribution  over  the  contaxit 
length  was  represented  in  a  staircase-type  diagram  into  which  the  linear 
pressure  variation  line  of  best  fit  was  drawn.  The  average  pressure  over 
the  contact  length  was  also  determined  from  this  diagram. 

Detailed  example 

66.  Raw  data.  To  demonstrate  the  analysis  of  test  data  in  detail 
and  to  point  out  some  of  the  probl.eros  encountered  during  the  analysis. 


the  treatment  of  the  nuricrical  data  of  ore  test  (with  favorable  pressure 
distribation)  is  reproduced.  The  raw  data  for  this  test  (No.  0011-2)  are 
Riven  in  the  following  tables  in  the  originally  recorded  fom,  i.e.  using 
the  U.  S.  custoraary  units.  In  this  test,  the  0-  to  6-in.  cone  index  was 
52.8,  and  inflation  pressure  was  4  psi. 

67.  From  the  wheel  performance  data  (table  4),  the  pertinent  per¬ 
formance  parameters,  P/w  ratio  and  efficiency  E  =  FR(1-s)/m,  were  com¬ 
puted  (F  =  rolling  radius  =  33*5  cm),  p/rf  and  E  are  plotted  in 

Table  4 

Wheel  Performance  Data 


Station 


Load  (W),  lb 


Pull  (P),  lb 


Torque  ^0,  ft/lb 


fig.  20  as  a  Function  of  slip. 
The  maximum  p/w  ratio 
(0.255)  occurring  at  11. 5 
percent  slip,  and  the  corre- 
spondiag  efficiency  (0.465) 
were  then  determined  from 
this  plot  (fig-  20).  From 
table  6  (average  values)  the 
actual  forces  in  the  pistons 
of  the  master  cylinders  in¬ 
side  the  wheel  were  computed 
using  equation  9- 


Fig.  20.  Efficiency  and  vail/ 
load  ratio  versus  slip  for  a 
representative  test 
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Table  5 

Interface  Geometry  Data 


Slip 

(s) 

Vertical  Axle 
Displacement 
in. 

Slave  Cylinder  Piston  Position,  in. 

Cylinder 

No. 

Measured 

by 

Camera 

Calibration 
Position 
(Fully  extended) 

Position  witi: 
Kespect  to  Full 
Extension 

3.6 

2.U0 

1 

1.25 

0.75 

0.50 

10.5 

2.56 

2 

1.00 

0.75 

0.25 

17.1* 

2.60 

3 

1.50 

0.75 

0.75 

2I4.O 

2.80 

h 

2.00 

0.75 

1.25 

32.0 

3.10 

5 

2.75 

0.75 

2.00 

6 

2.25 

0.75 

1.50 

HOTS: 

No  noticeable 

variation  during  test  after  starting 

period. 

Table  6 

Internal  System  Force  Data 


Strain 

Gage 

Accumulator 

Tensile 

Pressure , 

psi 

Slip 
(s),  i 

Force 
(S).  lb 

Accumulator 

No. 

Before 

Test 

After 

Test 

Average* 

3.6 

20 

1 

59 

59 

58.5  (40) 

10.5 

28 

2 

70 

70 

70.0  (48) 

17.4 

34 

3 

90 

90 

90.0  (62) 

24. 0 

36 

no 

115 

112.5  (78) 

32.0 

39 

5 

130 

130 

130.0  (89) 

6 

150 

149 

149.5  (105) 

MOTE: 

* 


Ho  noticeable  variation  during  test. 

Average  pressures  in  N/cm^  are  shown  in  parentheses. 


Table  7 

Perforcance  Parameters 


Station 

Pull/Load  (P/Wj 

Efficiency  (S) 

Slip  (s),  7, 

0*35 

0.194 

0.476 

3.6 

0+40 

0.254 

0.473 

10.5 

0+45 

0.248 

0.411 

17.4 

0+50 

0.231 

0.352 

a-'-t  «  0 

0+55 

0.196 

0.264 

32.0 

68.  letarinination  of  the  geometric  conditions.  The  geometry'  of  the 
soil-wheel  interface  was  determined,  by  means  of  the  ilill-seale  r,iaohanicaJL 
model  of  the  internal  .si^stem  (fig.  l8).  The  positions  of  the  pistons  were 
fixed  fYom  the  results  of  table  5  (last  column);  the  interface  contour  and 
the  piston  orientation  were  thus  completely  defined  and  were  drawn  on  pa¬ 
per.  The  dashed  lines  in  fig.  19  show  the  result  of  this  operation.  The 
iTsterface  contour  is  slightly  undulating,  a  result  that  is  thought  to  be 
tinreasonable  because  the  internal  pressure  distribution  is  monotonously  in¬ 
creasing  over  the  contact  length.  There  is  no  reason  either  for  the  ex¬ 
ternal  soil  reaction  forces  to  present  local  maxima  (assuming  once  more 
that  the  local  rigidity  is  fully  under  control:  that  is,  without  interfer¬ 
ence  of  carcass  stifi’nass  or  tire  flexing).  The  apparent  undulation  of  the 
interface,  as  determined  from  the  piston  position  readings,  undoubtedly  is 
caused  by  leakage  of  the  internal  system  and  therefore  does  not  reflect  the 
actual  conditions. 

69.  In  fact,  the  correlation  between  the  slave  cylinder  pistons  and 
the  interface  geometry  is  based  upon  the  premise  of  a  fixed  amount  of  in- 
ccirpressible  hydraulic  fluid  in  the  internal  system  (fig.  12).  When  the 
systc:-  was  recalibrated  after  a  certain  number  of  tests,  the  ac»unt  of 
fluid  in  scaae  of  the  cy'i-inders  had  changed  slightly  and  unsystematically. 
The  lubrication  fluid  in  the  tire  probably  entered  into  some  cylinders; 
others  lost  part  of  the  hydraulic  fluid.  Air  bubbles  are  also  likely  to 
have  developed  during  the  tests;  therefore,  the  determination  of  the  tire 
geometry  was  not  overl;,'  reUable-  The  reliability  of  the  system  could  have 
been  increased  without  major  modifications  only  by  recalibrating  the  system 
after  each  test.  This,  however,  would  have  been  too  time-consuming,  since 
the  wheel  had  to  I  :  completely  dismantled  for  the  calibration.  Also,  this 
deficiency  had  been  discovered  onl^’-  after  half  of  the  test  program  was  com¬ 
pleted.  Later  in  the  program,  a  method  was  developed  that  allowed  a  more 
frequent  calibration  without  actual  dismantling  of  the  assembly. 

70.  In  cases  in  which  the  detei—dned  tire  geometry  was  apparently  in 
error,  the  following  proceduire  was  followed,  ’'.'he  fixing  screws  (fig.  I8) 
of  the  model’s  pistons  visually  creating  the  most  buckling  were  released. 

In  the  case  of  fig.  19a,  these  were  pistons  3  5-  The  elasticity  of 
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the  shoe  then  made  the  model  assume  siiother  configuration,  presenting  a 
much  smoother  contour  of  the  interface.  These  screws  were  then  retight¬ 
ened.  In  the  CBise  of  fig.  19a,  the  procedure  was  repeated  with  pistons  2 
and  h,  resulting  in  the  solid- line  ccnfigirration  of  fig.  19a,  which  was 
used  for  the  further  analysis.  This  procedvire  Implies  that  the  overall 
features  of  cJje  interface  were  adequately  represented  by  the  original  set¬ 
ting.  Fig.  19a  shows  that  the  geometric  differences  between  the  original 
aM  the  smocthed-out  configuration  are  minor.  The  piston  forces  them¬ 
selves  are  roeasvired  independently  and  are  thus  not  affected  by  this  corre¬ 
lation,  so  the  effect  on  the  final  result  of  the  described  operation 
remains  negligible. 

71.  The  recorded  vertical  displacement  (table  5)  for  11.5  percent 
slip  was  2.57  in.  (**^-5  cm).  The  actual  soil  surface  was  reconstructed  by 
subtracting  the  axle  displacement  frcm  the  undeflected  tire  radius:  34.6  - 
6.5  =  28.1  cm  (fig.  19a)-  The  true  sirikage  (z)  was  then  determined  from 
fig.  19a  to  be  3-6  cm,  and  the  horizontal  pi'ojection  of  the  forward  part 
of  the  contact  length  {t)  to  be  21.1  cm  (ignorir.g  the  bow  wave).  To  char¬ 
acterize  roughly  the  geometry  of  the  interface,  the  ratio  i/z  -  2I.1/3.6  = 
5 •85  was  used. 

72.  By  connecting  the  end  points  of  the  pistons  (articulations  in 
Tig*  9)j  the  line  of  action  of  the  S.  forces  was  determined  (fig.  19a). 
Finally,  the  piston  lines  were  prolonged  until  they  intersected  with  the 
interface.  At  the  point  of  intersection,  the  normals  to  the  interface  were 
drawn.  Bi''  gecanetric  conditions  were  now  known.  In  the  given  case,  only 
pistons  3-6  actually  fell  within  the  contact  length  and  contributed  to  the 
local  rigidity.  In  all  tests,  piston  1  was  outside  the  interface.  The 
tire  surface  area  corresponding  to  piston  6  was  ass^lmed  fully  in  contact 
with  the  soix,  so  that  the  contact  length  extended  backward  beyond  the  last 
pistem  for  3.>  cm  (see  fig.  19a). 

73 •  At  this  point  of  the  a-salysis,  the  question  arose  as  to  how  the 
rolling  radius  and  thus  the  slip  should  be  defined.  In  the  case  in  fig. 
19a,  the  smallest  distance  from  the  axle  to  the  interface  happens  to  co¬ 
incide  witii  the  vertical  radius  beneath  the  axle,  equal  to  31.7  cm.  By 
taking  this  value  for  the  rolling  radixis  (R^),  uie  consnited  slip  would  be: 

a 

4o 
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s  =  1  -  (1  -  s)  ^  =  1  -  (i  -  0.1X5) 

& 

as  coniiarii  vd.th  s  -  n.llp  previously  obtained. 

‘7k.  It  nas  always  teen  recognized,  however,  tfiat  any  definition  of 
the  roiling  radius  for  defonning  tires  on  yielding  soils  is  arbitrary. 
Besides  the  smallest  and  the  vertical  radius  (which  did  not  always  coin¬ 
cide),  the  mean  radius  ever  the  contact  length  or  the  radius  for  the  hall’ 
contact  angle  could  be  proposed  and  justified  equally  well.  Since  actual 
rolling  radius  and  slip  were  not  essential  for  the  evaluation  of  the  test 
results,  these  data  were  not  included  in  the  analysis.  In  this  context, 
it  is  iiC^ortant  to  note  that  the  efficiency  as  defined  in  paragr^h  28  does 
not  depend  on  the  definition  of  slip  and  rolling  radius,  as  seen  by  the 
first  expression  of  H  in  equation  5*  All  the  elements  of  the  first  ex¬ 
pression  are  directly  measurable  in  the  test  facility.  The  second  expres¬ 
sion  can  be  derived  from,  these  m.earsiremonts  if  the  rclliiig  radius,  which, 
in  turn,  deter»Tdnes  the  slip  value,  is  known. 

75-  Detenjiination  of  local  rigidity.  Tne  piston  forces  (table  8) 

Table  6 
Piston  Forces 


Piston 

Force 

Piston 

Force 

No. 

(N)  . 

No. 

(N) 

1 

192 

4 

369 

2 

23k 

5 

khe 

3 

306 

6 

518 

were  separated  into  tneir  normal  and  tangential  components  (fig.  19a)- 

Correctly,  vectors  N.  and  T.  sliould  have  oeen  drawn  sc  as  to  intersect 

1  1 

with  vectors  .  However,  for  the  sake  of  clarity,  the  presen Lati on  in 
fig.  19a  was  preferred.  The  strain  gage  rsadiiig  at-  slip  s  =  0.115  was 
interpolated  frevr-  table  6  to  he  S  --  29  Ih  ~  129  H  .  Force  was  deter¬ 

mined  frean  equation  31  as  =  65  N  ,  with  the  angle  0  being  graphically 
determined  from  fig.  19a  . 

76.  Ihe  sii^lified  graphic  solution  developed  in  paragraphs  Ji9~53 
and  described  in  detail  In  Appendix  A  is  shown  in  fig.  19b.  Ihe  heavy 

I+l 


lines  represent  the  resulting  forces  »  '"^lich  are  not  shown  in 

fig.  19a.  (See  figs.  I3  and  l4  for  tne  complete  force  system.)  T!ie  fis- 
sxuaed  friction  coefficient  of  =  0.1  turned  out  to  be  a  good  estimate, 
since  the  remaining  force  =  l4  N  was  negligibly  small  in  comparison 
■with  the  acting  forces.  Further  refinement  oi*  the  solution  would  not  have 
changed  the  magnitude  of  the  forces  appreciably.  For  the  oxaniplc  pre¬ 

sented,  the  difference  between  corresponding  N.  and  R.  forces  is  minor. 
This,  however,  is  not  the  general  case. 

77*  T^ie  corresponding  tire  svtrface  for  every  piston  (except  for  pis- 
■tons  1  and  2)  was  approximately  7  cm  by  11  cm  =  77  cm,  ,  within  the  smaller 
dimension  in  the  direction  of  travel.  Ttie  total  local  ^ire  pressure 
(eq'oi valent  to  rigidity;  was  obtained  by  dividing  the  forces  by  the 
corresponding  tire  area  and  adding  the  infl.ation  pressure.  The  results  of 
these  canputations  are  tabulated  below  and  shown  in  a  staircase  diagram  in 
fig.  21. 


Table  Q 

Determination  of  Local  Rigidity 


Piston 

No. 

R.  Forces 

1 

N 

Tire  Area 
2 

cm 

1 

176 

110 

2 

234 

93-5 

3 

300 

77 

4 

374 

77 

5 

433 

77 

6 

517 

77 

Pressure 
Caused  by  R. 

N/cm^ 

Inflation 

Pressure 

N/cm^ 

Total 

Pressur< 

K/cm^ 

1.60 

2.76 

4.36 

2.50 

2.76 

5.26 

3*89 

2.76 

6.65 

b.86 

2.76 

7.02 

5.62 

2.76 

8.3S 

C.ll 

2.76 

9-47 

78.  The  average  internal  pressxire  over  the  contact  length  was  de- 
termined  ■to  be  =  8.03  N/cm  ,  and  the  pressure  ■variation  within  ■the 
contact  length  (rigidity  variation)  to  be  0.I3  N/cm^/cai.  In  cases  in  which 
the  contact  length  did  not  coincide  with  a  full  individual  piston  area 


42 


r 


N/CM* 


Fig.  21.  Interna]  tire  pressvire  (rigidity)  distribution 

length,  the  proportion  of  the  area  within  the  ccaitact  length  was  taken  into 
consideration. 

Final  Test  Results 

Presentation 

7S?*  Approximately  70  tests  were  conducted  with  the  internal  system 
in  operation.  In  addition,  about  2C  base-line  tests,  in  which  the  tire  was 
used  as  a  conventional  tire  with  various  inflation  pressures,  were  run  for 
con?)8urison  purposes.  In  these  congjarison  tests,  the  internal  hydraulic 
system  was  not  charged;  the  inflation  pressure  pushed  the  master  pistons 
inside  the  wheel  upward  (fig.  12)  so  that  the  sliding  shoe  actuadly  was  not 
in  contact  with  the  tire.  Therefore,  no  gecanetric  data  cai  the  soil-wheel 
interface  could  be  recorded  for  the  base-line  tests.  Because  of  the  cc»a- 
plexity  of  the  experimental  wheel  and  the  delicate  test  technique,  32  tests 
had  to  be  disregarded  for  various  reasons.  A  total  of  58  tests  (26  with 
favorable  pressiire  distribution,  I3  with  unfavorable  distribution,  4  with 
neutral  pres  nire  distribution,  and  I5  base-line  tests )  could  be  considered 
succes.aful  and  were  analyzed  as  described  in  the  preceding  paragraphs.  The 
final  resvilts  are  listed  in  tables  10  and  11. 

80.  The  ratio  is  plotted  for  the  meditUu-dense  said  dense 
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8  rfVla  ft  function  of  the  average  pressure  a  in  figs.  22  and  23,  re- 
Rpssr-ti  vely,  with  the  magnitude  of  the  pressure  (rigidity)  variation  as  a 

spepreeented  the  length  and  direction  of  the  arrows.  The  main 
the  (f/V)  value  i.<?  the  average  pressure  a  :  the 
%S^?**^*  witli  deereaalng  average  pressure,  which  is  a  known 
ihia  genorftl  treml,  the  results  for  tests  with 
aiid  '  %■  pressure  distribution  (upward  and  downward  ar- 

r*ipisctiv«.  ^  ly  separate  into  two  distinct  curves,  as  shown  by 

th  «oll6,  the  favorable  pressure  distribution 


sine^. 

^*4 »  I  ^  jt*-  th(- 

f  -j  « 1 1  *  I.  f 


(P/V)  values  thnn  the  unfavorable  pressure 
max 

-s  ygrage  pressure.  To  clearly  outperform  the  con¬ 
open  circles  in  figs.  22  and  23)  was  infiossitle. 


^  •»  aiisstit'  .ondoncy  in  that  direction  might  be  observed  in 

Iflis  --i  pressures."  The  rate  of  internal  pressvtre  vai’ia- 

e*  hi!  ths  length  of  the  arrows  in  these  figures,  is  unre- 

lltsd  ■««»  fels©  |?«rr'«iriwrice  of  the  tires.  The  data  on  tests  with  neutral 

4igirlisMtt&ng  arc  too  scnrce  to  allow  a  firm  statement. 

il ,  Ttis  efftciency  at  (P/W)  is  plotted  in  an  analogous  manner 

max 

S^i  for  Ute  msdium-dense  and  dense  sands,  respectively.  In 

th###  fleti,  thi  feoftttar  of  the  data  is  larger  than  for  the  (l/w) 

insQC 

vmlu##.  1hi«*  however,  is  normal  since  both  the  energy  input  and  output 
4htft  are  reflected  in  the  efficiency.  The  highly  coc^lex  inten\al  system 
of  the  ej^rimmital  wheel  sdjsorbs  i»rt  of  the  iiqnit  energy  in  a  mcre-or- 
lesc  uncontrolled  manner.  For  this  reascax,  the  conventional  tire  clearly 
(operates  with  a  hi{^er  efficiency,  except  in  the  range  of  low  average  pres¬ 
sures.  Nevertheless,  if  the  scatter  i*fegicai  is  delineated  and  hatched  sepa¬ 
rately  for  favorable  and  unfavorable  pressure  distributions,  both  regions 
are  clearly  distinguishable  without  overlapping.  The  favorable  pressure 
distribution  persistently  yields  a  higher  efficiency  than  the  unfavorable 


*  Because  of  tire  flexing  and  sidewall  stiffness,  the  mean  rigidity  for 
these  tests  is  hi^er  than  the  inflation  pressure,  especieiUy  in  the 
range  of  low  average  piressures.  Consideration  of  this  fact  would  shift 
the  caaventional-tire  data  (open  circles  in  figs.  22-25)  in  the  low  aver¬ 
age  pressure  range  to  the  ri^t,  and  th\is  produce  a  more  consistent 
picture. 
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Fig.  23.  Voxiation  of  maximum  pull/load  ratio;  dense  sand 


I 


Fi;'.  2U .  Variation  of  efficiency;  medlxun-cionKe  snjid 
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pressiire  distribution,  with  the  neutral  distribution  data  being  almost  ex¬ 
actly  between  these  region-'  (fig.  o). 

Interpretation  and  discussion 

82.  For  two  reasons,  tl.e  discussion  of  the  final  test  results  cen¬ 
ters  on  the  cos3p6u:is<»j  of  tests  with  favorable  and  unfavorable  pressure 
distribution,  i.e.  without  cemsideraticm  of  the  conventional- tire  tests 
(baseline  tests): 

a.  Tf’e  rigidity  distribution  for  the  conventional-tire  tests 
was  largely  uncontrolled;  therefore,  there  is  no  basis 
for  conpariscai.* 

b.  Tiie  highly'^  conplex  internal  sjrstem  of  the  expeidjaental  i*esl 
constitutes  a  handicap  that  favors  the  conventional  tires, 
particularly  with  respect  to  efficiency.  There  are  no  means 
to  accouiit  qualitatively  for  this  effect,  and  a  correct 
basis  for  the  cooparison  of  the  expearimental  ^eel  and  con¬ 
ventional  tires  is  tlms  lacking  also  from  this  point  of 
view. 

83.  Purthermore,  these  tests  have  been  conducted  to  dieck  a  prin¬ 
ciple,  i.e.  whetlier  or  not  wheel  performance  can  be  influenced  by  a  control 
of  local  rigidity  and  to  what  extent.  Bie  inclusion  of  conventional  tires 
(with  uncontrolled  rigidity  distribution)  in  the  cocparison  would  cloud 
this  main  issue  and  would  shift  the  interest  to  the  question  of  whether  or 
not  conventional  tires  can  be  outi>erfonaed  by  the  experinental  idieel.  Al¬ 
though  a  positive  answer  to  this  question  would  have  given  additional  in¬ 
centive  to  the  test  program,  the  performance  of  a  con'/entional  tire  was  not 
the  issue. 

8h.  rne  tires  with  favorable  pressure  distribution  not  csily  develop 
more  pall  over  the  total  range  of  the  conditions  tested,  but  also  do  so 
with  higher  efficiency,  as  shown  in  figs.  22-25.  Ibe  performance  variaticm, 
express&i  in  i)ercentages,  is  given  in  table  12,  the  reference  values  being 
the  mean  values  between  the  data  lines  in  figs.  22  eiid  23  and  the  mean 
vaJ.ues  between  the  data  scatter  limits  in  figs.  2h  and  25,  as  indicated  in 

*  See  footnote  o"  Page  h6. 
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Table  IP 


Fercent-af;es  of  Performance  Variatic’".  vlth  Respec'-  ^  *'.~ 

Perfonnance  of  Tires  with  Neutral  Pressure  Distribution 


Pressure  Distribution.  '> 

Average 

Favorable 

Urd'avorable 

Stress,  a 
*  a 

N/cm^ 

Medium-Donse 

Sand 

Tense  Sand 

Medium-Dense 

Sand 

Dense 

Sand 

E 

P/» 

S 

WV  £ 

?7w 

£ 

✓ 

+5.8 

+7.8 

— 

— 

-5.8  -3.5 

— 

— 

7 

+7.4 

+2.5 

-6.1  -3.1 

-2.5 

-5.9 

9 

+7.9 

+5-8 

+7-6 

+6.1 

-7.9  -1-6 

-r.6 

-9.9 

11 

— 

— 

+13.0 

+9*8 

— 

-13.0 

-13-5 

the  figures.  These  reference  values  can  reasonably  he  assumed  tc  corre¬ 
spond  to  test  data  with  neutral  pressure  distribution,  which  were,  however, 
net  ouaerous  enough  to  substantiate  this  assut?>ticn  (see  fig.  25b).  The 
performance  variations  generally  increase  (with  a  few  exceptions)  with 
increasjjig  average  pressure - 

85.  A  more  mearlngful  representaticaa  is  obtained  if  the  results  with 
favomble  pressure  distribution  are  c-js^^ared  directly  vith  those  with  unfa¬ 
vorable  pressure  distribution  (table  I3).  The  results  in  table  I3  Eight  be 


Table  13 

Percentages  of  Performance  Increases  id.tli  Hespect  to  the  Ferfonaance 
of  Tires  with  Unfavorable  Pressure  Distribution 


Average 
Stress,  or 

E,  t) 

a 

M/cm^ 

MediiJe-Dense 

Sand 

Dense 

Sand 

Medium-Dense 

Sand 

Dense 

Sand 

5 

+12.2 

— 

+11.9 

— 

7 

+13-2 

+5.6 

+11.0 

+10.0 

9 

+17.2 

+16.5 

+11.3 

+16.5 

U 

^29.3 

— 

+27.2 

cciq^a^ed  directly  with  the  theoretical  results  presented  in  paragraphs  32- 
38  hy  associating  the  luii'avorable  laressure  distributiosi  with  the  1  = 


condition  and  the  favorable  pressure  distribution  with  the  X  =  0.6  con¬ 
dition.  Then  the  order  of  aagnitude  of  the  perfoncance  increaiies  derived 
frees  the  theoretical  study  (P/W  -»  +  22. U  percent,  E  -♦21.3  percent  -  29 
percent,  x>aragraphs  33  and  35)  heccanes  coaqsarable  to  the  experiasental  re¬ 
sults  in  table  I3.  Also,  the  theoretically  anticipated  trend  for  less 
performance  increase  on  stronger  soils  {paragraphs  37  and  38)  is  found  to 
be  confirmea  by  the  experimertal  results  (with  one  excepticaa)  if  tests  with 
the  same  average  pressure  are  coo?)ared  (table  I3).  These  considerations 
are  only  tentatively  included  and  do  not,  by  any  means,  imply  that  the  test 
conditions  are  quantitatively  coB^arable  to  those  of  the  theoretical  study. 
Although  th-e  reality  of  the  soil-wheel  interaction  is  recognized  to  be  far- 
more  cemplex  than  the  simple  assumptions  of  the  theoretical  study,  the  good 
quantitative  agreei^nt  between  theoretical  end  experimental  results  is 
thought  to  be  noteworthy. 

86.  Ko  correlation  has  been  found  between  the  rate  of  pressure  vari¬ 
ation  over  the  ccaitact  length  and  the  performance  increase.  This  points  to 
the  previously  discussed  fact  (paragraphs  I8  and  I9)  of  a  certain  threshold 
value  of  maximum  soil  reaction  stresses  and  naxircum  soil  stress  variaticxis. 
Beyond  this  threshold,  a  further  increase  of  rigidity  variation  is  ineffec¬ 
tive  as  far  as  soil  reactieme  arc  concerned.  It  is  therefore  concluded 
from  the  presented  test  data  tha*:  this  threshold  condition  was  reached  or 
passed  for  all  tests  ccatducted  (except  for  the  n>nitrai  pressure  distribu¬ 
tion  tests,  of  course)  so  tl  at  tije  test  results  sisq)ly  split  into  favor¬ 
able  and  unfavoreible  groups  without  fui'ther  rradual  distinction.  This  con¬ 
clusion  was  reached  after  the  test  program  had  been  ccsirpleted.  So  atteiiq>t 
was  made  to  clarify-  this  question  and  to  identify  this  threshold  conditiem 
quantitatively  by  resuming  the  testing,  since  the  experimental  wheel  was 
thought  tc  be  too  clumsy  a  rachine  to  permit  refined  testing  methods. 

87 •  The  variation  and  control  of  each  tire  pressure  affect  not  only 
the  rigidity  distribution,  but  also  the  geometry  of  the  soil -wheel  inter¬ 
face.  In  fact,  rigidity  distributicn  and  geometry  cannot  truly  cc  sepa¬ 
rated.  They  are  interdependent  and  can  be  considered  the  two  faces  of  the 
same  coin.  Therefcars,  it  isi&nt  be  argued  that  the  observed  performance 
variations  are  due  to  variation  of  the  geometry  of  the  soil-wheel 
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Fig.  26.  Influenee  of  aspect  ratio  i/z  01  Baximum  poU/load  ratio; 

iBediuj&''dense  and  dense  sard 


values  were  detertninea  from  tables  10  and  11  as  the  arithmetic  means,  t.U3 
and  4.9B,  for  the  medium-dense  and  dense  sand  tests,  respectively.  In 
figs.  26  and  the  open  and  closed  symbols  intermix  in  a  coitpletely  ran¬ 
dom  manner,  suggesting  that  the  I/t.  value  has  no  detectable  influence  on 
the  performance  of  the  tire.  Although  the  ifz  vsilue  is  recognized  to  be 
a  very  rough  charaxrterization  of  the  interface  geometry,  and  although  tne 
geoGCtrical  data  collected  probably  are  the  lea.st  reliable  (see  paragraphs 
68-70),  a  major  trend,  if  present,  would  certainly  have  shown  up  in  these 
plots . 

89-  To  conclude  fran  these  results,  however,  that  interface  gecaietry 
and  wheel  performance  are  totally  tmrelated  would  be  unreasoriatle .  Ihe  in¬ 
terface  geometry  necessarily  influences  the  wheel  performance,  but  this 
effect  seems  to  be  largely  offset  by  the  predcaninant  influence  of  the  in¬ 
terface  rigidity  in  the  test  conditions  given.  Bierefore,  in  contrast  to 
the  usual  explanation  (see  paragraph  5),  the  x>erfonnance  ia^npovanent  of 
lev-pressure  tires  is  probably  due  msdnly  to  an  improved  stress  distribu¬ 
tion,  idiile  the  effect  of  the  obviously  iuproved  interface  geanetry  is 
minor. 


PART  V:  C<S{CEPr  FOR  A  I«>RE  EFFECTIVE  i-THEEL 


90.  Thiis  part  of  the  report  briefly  explores  the  possibility  of 
applying  the  principle  of  controUc-d  clrmunferential  rigidity  to  a  usore 
effective  off -road  vheel.  Bigjhasis  is  placed  on  developing  the  general 
idea  presented  in  scheraatie  drawings,  and  no  atteispt  is  n^e  to  solve  the 
rnany  probleas  of  design  and  actual  construction  of  such  a  wheel.  The  point 
is  stressed  that  the  pure  realization  of  llie  principle  of  controlled  rigid¬ 
ity,  i.e,  a  >dieel  working  without  additional  energy  input,  does  not  seta 
possible  for  practical  purpose? .  Any  rationally  designed  wheel  with  con¬ 
trolled  local  rigidity  will  have  to  rely  chi  an  auxiliary  power  source  in 
addition  to  the  axle  torque  input.  It  then  become?  rather  difficult,  if 
not  icroossible,  to  split  the  perforsjance  increase  accurately  ii^to  the 
fraction  caused  by  the  rigidity  control  and  that  caused  by  increased  energy 
input.  For  this  reason,  the  expericental  wheel  reported  herein  had  to  be  a 
pure,  but  highly  impractical,  realization  of  the  original  idea  of  con¬ 
trolled  rigidity.  Ihe  exi>eriin£ntal  validation  of  this  principle  would  not 
hav..  been  possible  with  the  wheel  proposed  in  this  part  of  the  report. 

91.  Throughout  this  report  the  terms  "local  rigidity"  and  "r>.ocai  in¬ 
ternal  pressure"  have  been  used  synor^iTaously  in  connection  with  the  expe.*- 
mental  wheel.  >  The  strait tfcnrard  application  of  this  idea  leads  to  a 
multi conpartment  tire  with  inflation  pressure  control  for  each  individual 
ccatpartc^nt. 

92.  A  simple  device  of  this  kind  is  sl.own  schematically  in  fig.  28. 
Ihs  rotating  wheel  slides  against  a  nonrotating  circular  pressure  distrib¬ 
utor  provided  with  airflow  channels  that  are  coiuiected  to  a  coi^pressor. 

*  This  ifiplies  a  dimensionally  correct  definition  of  r:.gidity.  Rigidity 
generally  is  defined  as  the  resistance  of  a  system  to  deformation.  If 
a  single  force  is  applied,  the  dimeiision  of  rigidity  is  force/length 
(N/cm);  if  actress  is  applied,  rigidity  has  the  dimension  of  stress/ 
length  (k/cib3).  The  derinition  and  dimension  of  rigidity  are  system 
depei^ent.  Rigidity  might  as  well  be  defined  as  the  resistance  to  de¬ 
formation  per  son«  characteristic  length.  In  this  case,  the 
of  rigidity  is  N/cm^»  which  justifies  the  synonymous  use  of  pressure  and 
rigidity.  As  characteristic  length,  tire  section  height  or  wheel  radius 
right  be  chosen. 


upper,  low-pressure  channel  so  that  the  original  low  pressure  o'  the  com¬ 
partment  is  restored. 

93.  ihs  proposed  design  does  not  aJlow  an  individual  pressure  con¬ 
trol  in  eac'  coapstrticent— this  would  require  a  much  mere  sophisticated 
device’— but  it  asstues  a  roughly  linear  increase  of  the  internal  tire 
pressure  (rigidity)  along  the  interface.  Ihe  rate  of  pressure  increase 
er  the  contact  length  is  a  function  of  rotational  velocity,  air  pres- 
2  j’e,  aivd  cross  section  of  the  air  ducts  within  the  wheel.  Therefcre, 
the  overall  pressure  distribution  within  the  contaw:t  zone  can  be  con¬ 
trolled  •  nrying  one  or  more  of  these  parameters ,  preferably  the  air 
preir’.ire  of  the  airflow  channels.  A  more  sophisticated  air-pressure 
distribution  control  could  be  obtained  by  regulating  the  individual  adr 
inlets.  This  would  jemit  experimental  identification  of  the  optimum  ri¬ 
gidity  pattern  within  the  frame  of  a  general  pressure  increase. 

9d.  The  tests  with  the  experimental  wheel  showed  that  the  thresh¬ 
old  for  the  rigidity  increase  over  the  interface  on  sand  is  not  very  high. 
Therefore,  the  energy  consumption  of  the  compressor  and  the  maximum  pres¬ 
sure  in  each  comiJartment  probably  will  not  be  excessive.  For  this  reason, 
it  appears  feasible  to  protect  the  ccepartments  from  popping  out  by  wrap¬ 
ping  the  '’tire"  in  a  ductile  membrane,  or  by  some  other  simple  means.  Fur¬ 
thermore,  the  airflow  through  the  wheel-compressor  system  eperates  as  a 
closed  circuit,  which  also  reduces  the  energy  consumption  of  the  compressor. 

95.  The  concept  cf  a  mvilticomx>artment  tire,  as  outlined  above,  was 
developed  from  the  consideration  of  how  wheel  performance  on  soft,  level 
soil  surfaces  cculd  be  improved.  The  proposed  design  is  a  fadrl^'  good 
material  realization  of  the  sepnented  wheel  concept,  recently  developed  as 
a  mathematical  model  to  study  dynamic  ride  characteristics  of  vehicles  on 

9 

rough  terrain.  In  this  model,  the  tire  deformation  properties  are 
represented  by  a  radial  arrangement  of  springs  (se^ents)  of  equal  stiff- 
i.ess  equivalent  to  the  xmiform  inflation  pressure.  The  segments  corr£sx>ond 
to  the  cotopartments  of  the  raulticomimrtment  tire,  and  the  sprii^  stiffness 
to  the  air  pressure  for  each  compartment. 

96.  Undoubtedly,  a  variation  of  the  spring  stiffness  within  the  con¬ 
tact  zone  will,  more  or  less,  affect  the  dynamic  ride  characteristics  of 
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the  wheel.  If,  in  a  computer  simulation  '.-ri'J.  the  ^etjnented  wheel  •-.jdel,  a 
pressure  distribution  could  be  determined  that  sL.^niflcantl:/  improves  ride 
dynamics,  it  would  be  an  additional  incentive  to  actually  build  and  use 
proposed  wheel.  There  are  reasons  to  believe  that  this  pressure  variatio!> 
is  similar  to  the  favorable  pressure  distribution  for  soft-soil  perfomaiice 
improvements,  i.e.  increasing  from  the  forward  to  the  rearward  edge  of  tne 
interface.  The  relati’'’ti^  soft  forward  edge  of  the  interface  tends  to 
attenuate  the  first  sL  produced  by  am  encountered  ground  irregularity; 
the  shock  is  then  incrct-  r  gly  dampened  as  the  stiffer  compartments  coma 
into  contact  with  the  c  le. 

97.  proposea  .  iccmipartment  tire  will  not  suffer  from,  the 

handicap  (all  too  famili  mobility  research)  of  being  an  overspecial¬ 

ized  device  that  fails  ..  ^hways.  If  equal  pressure  is  applied  in  ail 
ccmpartoents ,  the  tire  p  '  maance  probably  will  not  be  too  different  from 
that  of  normal  tires. 


9S.  Finally,  refer  c  is  a'>de  to  two  papers  in  which  the  idea  of 
multicompartraent  tires  been  adi  jcatad,  in  a  quite  different  context, 
however.  McLecd^^  prot‘c?ie3  to  infl  sncc  the  pressure  distribution  across 
the  wheel  by  means  of  "annular  eoRipartment  tire"  to  improve  the  losui-^ 
carrying  capacity  of  the  wheel  on  layered  soils.  In  reference  11,  develop¬ 
ment  of  a  RBilticonqjartmeut  tire  siixLlar  to  the  one  proposed  herein  and 
tests  with  a  model  tire  8a*e  described.  However,  the  purpose  of  this  latter 
construction  was  to  replace  the  conventional  engine  and  gear  box  of  ve¬ 
hicles  and  to  make  the  wheel  Itself  the  propelling  unit  by  providing  '^he 
driving  power  directly  at  the  wheel  periphery.  In  fact,  the  compartments 
of  this  tire  are  cc«nh'AStion  chambers.  Hiis  solution  requires  extremely 
hj.0i  pressxire  and  temperature  resistance  of  the  tire  material  and,  there¬ 
fore,  is  not  practical  at  the  present  time. 

99*  Although  based  on  different  starting  considerations,  the  multi¬ 
compartment  tires,  as  proposed  in  reference  11  and  in  this  report,  work 
with  increasing  tire  pressure  from  the  forward  to  the  rearward  edge  of  the 
interface.  Thus,  there  are  no  conflicting  requirements,  i.e.  the  addi¬ 
tional  energy  necessary  to  obtain  the  favorable  pressijre  distribution  also 
acts  in  a  favorable  manner  from  the  point  cf  view  developed  in  reference  3JL 
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in  that  it  directly  propels  the  ’vheel.  So  the  advanta^^es  of  the  wheel 
deslcin  developed  herein  are  twofold:  favorable  pressure  distribution  and 
favoraole  ener^jy  distribution  at  the  soil-wheel  interface.  They  may  be 
threefold  if  the  proposed  dynamic  studies  show  this  favorable  pressure  dis¬ 
tribution  to  be  beneficial  also  from  a  ride  dynamics  viewpoint. 
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Conclusicns 

100-  The  test  device  does  not  perrit  quantitative  assessments,  but 
the  following  conclusions  are  belie /ed  to  be  varrai^.ted  by  tb.e  findinijs  oi’ 
this  study: 

a.  MaxinRoia  pull  and  effiv?iency  cf  tires  on  sand  depend  on  the 
local  internal  tire  pressure  distribution  within  the  soil- 
wheel  interface. 

b.  The  control  of  this  pressure  distribution  is  an  effective 
means  of  improving  the  performance  of  wheels  on  sand. 

£.  The  pressure  distribution  that  continuously  increases  from, 
the  forward  to  rearward  edge  of  the  interface  is  favorable - 
The  wheel  then  not  only  develops  more  pull,  but  also  oi)er- 
ates  at  higher  efficiency- 

d.  For  maxirxun  i)erfornance  increase,  only  a  slight  rate  of 
pressure  variation  is  necessary  for  the  tested  conditions. 

£.  Effects  of  Interface  gecaaetry  on  pull  and  efficiency  are 
negligible  for  the  tested  conditions. 

f.  There  are  no  theoretical  reasons  that  exclude  the  principle 
of  controlled  tire  pressure  (rigidity)  distribution  from 
application  to  off-roaid  Eobility  in  sand. 

Recocsaendations 
101,  It  is  reccaanended  that: 

a.  Similar  tests  with  the  experimental  wheel  be  conducted  in 
cohesive  soils  to  broaden  the  spectrum  of  possible 
applications . 

b.  CoR5>uter  studies  be  made  with  the  segmentsd-wheel  iKaiel  to 
assess  the  possibly  favorable  effects  on  ride  dynamics  of 
increasing  tire  pressure  distribution. 

c.  A  prototype  of  the  proposed  multicoirpa-rtment  tire  be  con¬ 
structed  to  obtain  quantitative  assessircn+.s  of  tire 
perfomance  variations  and  limitations. 
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APPHI®D:  A:  sn-CFlIFIcID  GRAPH..C  SOUITia; 

DErSKNOHATIOJI  OF  I?fr52^I{Al.  FORCES* 

1.  Decompose  the  forces  P  into  ncrrjal  (N)  and  tangential  (t) 
ccsnponents  (fig.  lu).  Choose  a  convenient  sceJLe  to  represent  the  forces 
by  a  lengtli. 

2.  Ccaqffute  the  force  from  the  strain  gage  readings: 

O  -  S 
"1  2  sin  0 

3-  Starting  fran  a  i>oint,  M  (fig.  l6),  draw  all  S-lii:es  parallel  to 
the  coiTesponding  lines  in  the  static  system. 

U.  Transpose  the  length  ;  reduce  this  length  by  the  length  ; 
and  mark  the  point  - 

5.  Draw  the  line  fr<sn  the  point  ,  parallel  to  in  the 

static  system,  and  transpose  the  corresptxiding  length  from  the  point  . 

6.  The  line  cuts  the  S^-line  in  a  point  .  Denote  the 

remaining  free  length  of  as  . 

7.  Reduce  the  Sj,-line,  counting  from  U.  toward  M  ,  by  k  R,  +  T„ 
Jtg  being  a  factor.  Choose  k^  =  0.1  for  the  first  trial.  Mark  the  thus 
obtained  point  on  the  Sg^line  .  (Attencion:  T^^  always  has  to  be 
transposed  according  to  its  sign.  T^  is  almost  always  negative  and  the 
Sg-iine  thus  has  to  be  prolonged  beyond  the  point  Ug  instead  of  being 
reduced. ) 

8.  Repeat  steps  5-7,  starting  with  ,  and  thus  determine  succes¬ 
sively  Rg  ,  R^  ,  Rj.  ,  ,  and  R^  .  Rg  is  always  equal  to  Ng  . 

9-  Caqjute  k^R^  (=  O.IR^)  and  cosqjare  it  with  the  length  JQg  .  If 
O.lRs  <  +  20  percent  ,  the  whole  operation  is  to  be  repeated  with  a 

slightly  increased  value  (k^  =  0.12).  If  O.lRg  >  +  20  percent  , 

repeat  with  a  decreased  k^  value  (k^  =  0.08).  If  k^Rg  =  +  20  per¬ 

cent  ,  the  approod-mation  is  considered  sufficient. 


*  Reference  figs.  ai^  l6  in  main  text  of  this  report. 
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'tt.  '  '  '  '  "  * 

An  enali'sic  of  experitsentally  detersdncd  stress  distributions  beneath  tires  on  sand 
revealel  a  strcing  tendency  for  the  norsal  stresses  to  be  (greater  In  areas  of  higher- 
i  than-avei-age  tire  rigidity,  i.e.  along  the  periphery  of  the  contact  pat<di  -where  the 
tire  rigidity  Is  augnented  by  tire  sidewall  stiffness  and/or  local  tire  flezlng.  'Bie 
question  arose  as  -to  whether  the  observed  phenoetenon  could  be  used  advantageously  by 
directly  cortrolling  the  uixe  rigidity  x>uttem,  and  thus  favorably  influence  stress 
distribution,  with  -the  net  result  of  iaproved  tire  perforsauce.  An  experbeestal  idiectl 
-was  built  to  test  -this  principle;  its  perforsiance  is  described  in  this  report.  B»e 
control  of  local  tire  rigidity  was  achieved  a  system  of  six  nonreta-ting  hydraulic 
Jacks  Inside  -the  wheel  acting  against  a  rixed  flexible  snoe,  alcng  which  the  iimsr 
surface  of  the  tire  slid  as  it  rotated.  Tests  with  sand  at  two  straigth  levels  showed 
that  -the  wheel  -with  favorable  rigidity  distribution  {increasing  rigidity  -to  the  rear 
of  the  3oil-»*eel  interface)  develqped  up  to  25  percent  s»re  pull  than  the  t&eel  with 
unfa-vorahle  rigidity  distribution.  Ihe  greater  pull  was  paralleled  by  an  efficiency 
increase  of  the  ssoi  order.  These  experimental  results  are  explained  by  theoretical 
cceptt-tatic»ts  based  on  the  variatlcm  of  assumed  stress  distribution  as  a  function  of 
the  rigidity  pattern.  The  experimental  idieel  was  built  to  check  a  principle  rather 
■than  to  be  used  as  a  scans  of  locoEotion,  tut  the  prospect  of  applying  the  principle 
of  controlled  rigidity  in  practice  is  shown  to  be  proesising-  I  \ 
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